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THE MICROSCOPIC DETERMINATION OF SOIL-FORMING 
MINERALS. 



IHTBOBUCTIION. 

Soils are largely the result of certain natural processes, physical, 
chemical, and biological, upon rock and rock materials. Conse- 
quently the greater part of the soil is made up of mineral fragments 
coming from the original rock components and to some extent of 
decomposition and alteration products derived from the d^adation 
products.' It is obvious tjiat to imderstand the properties of a soil, 
and especially those properties which are dependent upon origin, 
mode of formation, and composition, the minerals of the soil must be 
known. Much attention has been given the mechanical composition 
of the soil and its consequent physical properties; the chemical com- 
position, organic as well as inorganic; and the biological composition, 
especially in recent years. But little attention has been given the 
mineraloglcal composition, and that in spite of the great advances in 
mmeralogical technique, especially along optical lines incident to 
rapid development of petrographical and geological investigations. 

The application to soil problems of the methods developed for 
petrographical work involves some serious difficulties. Soil aggre- 
gates do not lend themselves readily to microscopic examination as 
do thin rock sections. Thin sections of soUs require preliminary 
embedding, and no medium has been found which is entirely satis- 
factory. Soil particles are very often coated with ferruginous or 
other material which must be removed before they can be examined 
satisfactorily. Generally it is desirable to examine the entire mineral 
taken from the soil rather than a section of it, and finally the mineral 
grains which are of most interest are those approaching the silt and 
clay dimensions. 

The present bulletin has been prepared to bring together and 
describe those methods which have been found useful in the labora- 
tory of this Bureau. In no sense is it proposed as a textbook or 
exhaustive treatise, and the student is referred to the standard autbor- 
ities, of whose pubHcations free use has been made here, iacluding 

■See Merrill, Hooks, Rock WsatberlDg, and Soils; Camerim uid Bell, Bui. No. 30, Bureau of Soils, U. S. 
Dept. Agrioultun; Camiuon, lour. Phys. Chem., 14, 320 and 3S3 (1810); and The Sell SolutiDn, Eastou, 

Fa-,inL 
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6 MICEOSCOPIC KETERMINATION OF SOIL-FOBMINQ MINEHALS. ■ 

Bosenbusch, Iddings, JohanSsen, Wiuchell, and especially Dana. 
Nowhere, however, have the methods been brought together in a 
form which makes them readily available to the soil investigator, and 
in trying to meet this want it haa been deemed desirable to give tb.6 
theoretical grounds for these methods. For tbia reason the treat- 
ment is to some extent didactic, not because it is intended as a teach- 
er's textbook, but because it is intended as a manual or handbook 
for the laboratory worker in scanning soils. 

FBBPABATION OF SAMPIJBS. 

Before any satisfactory mineralogical examination of a soil can be 
made the sample must be subjected to a preliminary treatment. The 
technique in examining particles of a diameter of 1 or 2 mm. varies 
considerably, at least in detaU, from that required for the examina- 
tion of particles less than 0.05 mm. Frequently the soil particles are 
in aggregates containing various minerals which must be separated. 
Again, the minerals, as stated, are often disguised by a coating of 
ferruginous or other like mateiiala. Various methods are available 
for the preparation of the material, and of these the methods which 
have proved most valuable will be described in the following para^ 
graphs. 

ASSOBTINQ THE PABTICLES ACCOBDING TO SIZE. 

This method is in all essential features the well-known mechanical 
analysis of soils as employed in this Bureau.' To remove the adher- 
ing ferruginous and clayey material the sample of soil is shaken for 
some hours in a bottle with a dilute (about 0.3 per cent) solution of 
ammonia. The ferruginous and oi^anic coating on the particles is 
thus shaken off and deflocculated. On standing for a short while 
most of the particles with a diameter greater than 0.05 mm. will 
settle to the bottom of the bottle and the finer particles can be ■ 
decanted with the supernatant liquid. Further sedimentation from 
the supernatant liquid can be effected by long standing or quickly ! 
with a centrifuge, and it is customary to separate thus the silt (par- I 
tides with a diameter of 0.05 to 0.005 mm.) from the clay (particles ! 
with a diameter less than 0.005 mm.). The clay is recovered by 
evaporation of a considerable volume of wash water and contains ■ 
generally most of the ferruginous material originally coating the soil , 
particles and always more or less organic matter, which tends to bind 
or "cake" the dried residue. For this reason, as well as the very 
small size of the particles, clay does not lend itself readily to miner- 
alogical methods and is but seldom examined. The sands are sepa- 
rated by sifting through sieves with appropriate sized meshes. This 
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PBEPAfi&TION OP aAUPUBS. 7 

process of sifting is sometimes repeated with all of the separates 
coarser than clay to complete the separations and break up the 
a^^egates of silt which are apt to form in many cases. When the 
coating of ferruginous material is unusually persistent, it is some- 
times necessary to wash the separate further with dilute hydrochloric 
acid. 

Certain generalities have been established regarding the composition 
of these "mechanical separates" of a soil.' Quartz predominates in 
the coarser separates, while as the diameter decreases there is present 
in increasing proportions fragments of the softer minerals and those 
possessing good cleavage, such as kaolinite, the feldspars, etc. It is 
probable from a priori considerations and from chemical analyses 
that the clay separate is richest in such minerals, but this can not 
now be definitely proved. On the other hand, ferric hydroxide, 
alumina, and kaolin also tend to accumulate in the clay. The sepa- 
rates, after being sifted and washed, are dried, and may be con- 
veniently k^t in vials until needed. 

For mineralogical purposes it is usually convenient to separate the 
soil into four portions, viz: 

Km. 

Clay (leM than) 0.005 

Silt 0.005- .06 

Fine sand 05- .1 

Sande, gravel, etc. (above) .1 

The separates should usually be examined first with a view of 
recognizing the presence of some characteristic or unusual com- 
ponent. Often a particular miner^ can be removed by picking it 
off the microscope slide with a moistened pin point or similar instru- 
ment and subjected to a special mineralogical or microchemical 
examination and data secured which would otherwise be lost. Mag- 
netite can conveniently be separated in this preliminary examination 
by a magnetized knife blade, and other procedures which will furnish 
preliminary information useful as a guide to further work will often 
suggest themselves. 

FURTHER SEPARATION BT MEANS OF HEAVY SOLUTIONS. 

To facilitate the examination it is sometimes advisable to assort 
the sands into three separates by the use of heavy solutions. The 
solutions generally used will be described presently when discussing 
the specific, gravity of the minerals. By such means the very 
abtindant quartz is eliminated at the start, permitting a more ready 
examination of the other minerals and in addition furnishing some 
idea of their relative specific gravities. This separation is best 
accomplished in a tube with a side neck, as in figure 1 . The sand is 
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8 AflCBOSCOPIC DBTBBMINATION OF SOIL-FOBMINO HINEBALS. 

placed in the wide tube, the heavy liquid poured in, stoppers inserted, 
and the tube and its contents shaken. The tube is permitted to 
stand for a few hours or overnight. The stoppers are remoTed, and 
o the heavy hquid poured mat B, which floats off the 
lighter fraction at A into an awaiting beaker. In 
order to facilitate the separation it is advisable to stir 
the fraction at A with a glass rod and then the rising 
liquid carries it off. The heavier sediment (7is brought 
on a filter paper and washed. TVith the dlts it is 
necessary to use the centrifuge to overcome the effect 
of surface action, since otherwise the silts may either 
rise or sink in the tube. For this reason, when work- 
yj ing with the silts, a tube of the design shown in figure 
r'^ 2 is used, so made that it fits into the centrifuge 

tubes used in mechanical analysds. The effect pro- 
duced by the rapid rotation is soon evidenced and 
a separation of the silt pariiicles according to their 
specific graTitiea is readily made. A 
Fio. I.— Tubetoriep- simple Centrifuge mav be easilv con- 
BfBttMi of aoU grains ^ V. j * ■ _ i_ ■ ^ i.- v 

b7 meuu at tmvy structed of an iron washer mto which a 
Boiouons. tube fits and is caught by a flange. The 

washer is provided with two holes on opposite sides. 
Into these holes iron wires are fitted and carried thence 
to a ring support. The wires are about 2 to 3 feet long. 
The ring support furnishes a hand grip for swinging the 
apparatus by hand. 

More cheaply, but less satisfactorily, a test tube may 
be used for separating the minerals with the aid of 
heavy solutions. After shaking the grains in a tube 
with a heavy liquid they are permitted to settle over- 
night. The end of a pipette is immersed beneath the 
lighter fraction and the contents of pipette permitted to 
escape, floating the lighter part into cm awaitiug beaker. 
The Harada separator (fig. 3) may be used to separate 
the lighter from the heavier constituents. The lower 
stopcock is closed and a solution of the required density 
poured in, and the soil particles introduced. The whole 
is shaken and allowed to stand until the heavier particles 
have sunk and the lighter ones are floating on the auT- 
face. Thus the heavier particles are below the uppe* **•■ ^--Tube. 
stopcock and the lifter ones above. The upper cock is prepated t q i 
then closed, ^nce the heavier particles cany down wo^ikw- 
some of the lighter, and the lighter buoy up some of the heavier, 
it is WeU to shake the separator again and to place it upside down. 
This tends further to separate the particles. The vessel is then 
slowly tilted and the upper cock opened. In this way the heavy 
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PBBLIMINABT EXAMINATION. 9 

and light material pass each other. When this is complete the 
upper cock is closed and the heavier material drawn oS from the 
bottom and the lighter from the top. 

FBEUHDrASY EXAMTtTATION. 

The physical properties of the individual soil grains are of great 
importance, since the determination of the nature and magnitude of 
these various properties makes it possible to separate the minerals 
and to identify them. The physical properties of minerals fall natu- 
rally into two groups, either dependent upon the chemical composi- 
tion of the minerals or upon their crystallographic 
and optical characteristics. 

Properties dependent upon chemical composition 
of the Qunerals axe the specific gravity and the 
behavior of the minerals in a magnetic field. Both 
of these properties are entirely distinct from their , 
crystal form and are of especial importance in 
the mechanical separation of soil minerals. 

SPECIFIC GEAVIXr. 

Each mineral on accoimt of its definite chemical 
composition possesses a specific gravity which is 
more or less constant and characteristic. Owing 
to impurities, inclusions, or sometimes to other 
causes of an adventitious nature, there is a certain 
range of variation to be e^ipected in any given 
mineral. But this range is usually within quite 
narrow limits. The importance of specific gravity 
in soU mineralogy lies chiefly in that it permits of 
the separation of heavy from light minerals. In 
the determination of soil minerals it has been found 
practicable to separate the sands, on accomit of 
the predominance of quartz, into three fractions: (1) 
Minerals lighter than quartz, with specific gravity 
below 2.63; (2) quartz and minerals with specific gravity between 2.63 
and 2.68; (3) minerals heavier than quartz, specific gravity above 2.68. 
The separation into these grades is usually accomplished by the use of 
heavy solutions or liquids with high specific gravity, following one 
of the procedures just described. There are hut few liquids suited 
for this purpose. They should possess the three essentials — high 
gravity, low viscosity, and low coefficient of expansion. In general, 
inoiganic salts in water yield solutions which on account of their 
high viscoaty are not so well adapted to separating mineral grains 
as are the oiganic liquids. It takes much longer for the grains to 
settle, and in the finer grains the surface effect worldng against 
separation is of higher magnitude than in the organic liquids. 
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10 MICBOSCOPIC DETGBUINATtOH OF SOIL-FCiBMINQ UINEBALS. 

Thotdet's solution, consists of mercury iodide and potassium iodide 
in proportion 1.24 to 1, dissolved in water. It has a maximum 
density of 3.19, and may be diluted at vill with water. This solu- 
tion is veiy poisonous and has a strong corrosive influence upon the 
skin. 

Klein's solution is cadmium borotungstate in water. It has a 
maximum density of 3.3, may be diluted with water, and is not 
poisonous or corrosive, but is very stic^ and has a rather high 
viscosity. 

Methylene iodide, with a maximum density of 3.3, may be diluted 
with benzine. 

Acetylene teirabromide, with a maximum density of 3.0, may be 
diluted ^vith benzine. 

Rohrbach's solvUbn, a solution of barium mercuric iodide, has a 
maximum density of 3.6, but undergoes decomposition upon dilution. 

The determination of the specific gravity of a soil grain is con- 
veniently made by using a series of vials containing solutions of 
graduated densities. By trial a solution is found in which the grain 
just floats and another solution in which it just sinks, and by inter- 
polation the specific gravity of the mineral is determined. This 
determination, however, can only be satisfactorily made with 
grains of appreciable size. In soil mineralogy the finest sand grains 
are the smallest whose gravity can be so determined. Again, it is 
only of service with mineral grains of unquestioned purity, without 
inerusting layers of alteration products. Specific gravities of the 
principal soil minerals are given in Table I. 

Table I. — Arrangement of toil-forming WAtitralt acfordbig (o their tpec^fie gratitut. 
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There is one mineral commonly occurring in soils which is readily 
■ attracted by an ordinary bar magnet, which property distinguishes 
it irora several others of different chemical composition but of similar 
appearance. This mineral is magnetite, which is similar in physical 
appearance to chromite, ilmemte, ^anite, etc. By the use of a btfr 
or horseshoe magnet or magnetized pocketknife, magnetite is readily 
separated from other minerals.' To detect weak magnetism in min- 
erals, or polarity, use is made of a compass needle. 

Early in the study of magnetism it was found by Michael Faraday 
that not only iron was magnetic, but that its salts and even solutions 
of its salts were attracted by an electromagnet. With the use of 
a strong electromagnet all the iron-containing minerals can be sepa- 
rated from the nonfemiginous ones, even when the percentage of 
iron in the mineral is quite small. By varying the intensity of the 
magnetic field the iron minerals themselves may be separated into 
several groups. This variation in intensity of the electromagnetic 
field may be obtained by using adjustable poles, which may be brought 
together and separated at will. It is better in practice, however, to 
employ a lamp resistance which will control the current and produce a 
definite field intensity, leaving the poles at a certain fixed distance 
apart. 

Doelter has given special attention to the electromagnetic separa- 
tion of the iron-containing minerals and some others, and arranges 
them into 12 groups, as shown in Table II. 

Table II. — DoeUer't lut of eleetTomagnetic mineraU. 
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CKYSTAL FORM AND CLBAVAQE. 



In soil mineralogy crystal form is of comparatively httle importance, 
since the minerals seldom occur with crystal terminations, owing to 
the mechanical forces to which they have been subjected and the 
consequent rounding of the edges and faces. There are some excep- 
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12 MICBOSCOPIC DETEEMINAnON OP SOIL-FOBMINQ MINERiLS. 

tions, notably zircon and rutile, which occur often with terminations 
and faces. This ia due to the facts that zircon and rutile always 
occur in well-defined crystals, that they have superior hardness, and 
that they offer unusual resistance to chemical alteration. In soils - 
derived from limestones, invariably some quartz occurs in well- 
defined crystals. Minerals included in a host also show crystal form, 
as in so-called microlites. 

Cleavage brings about certain structural relations in the mineral 
fragments. The micas, on account of their strongly developed cleav- 
age, always appear in flat plates of even thickness, aud without 
definite outline. Minerals with a prismatic cleavage, such as amphi- 
boles, pyroxenes, etc., form elongated fragments which show extinc- 
tion in polarized hght at definite angles to the axis of elongation. 
These elongated forms may still further be distinguished by the 
optical nature of the elongation. The feldspars with a perfect side 
pinacoid cleavage and basal pinacoid yield tabular-shaped forms; 
sometimes elongaj^ed forms with parallel sides; sometimes flat tabu- 
lar fragments. Minerals like quartz, which possess little cleavage, 
appear in irregular shapes. The characteristic appearance of soil 
grains due to cleavi^ relations are given in Table III. 



L , TableB and plalea with aontspandlug paraJlet clesTige. . . 



Phlogaplta. 

PusKonlte. 

BrooUte. 
UuscovlM. 



B. riatUshfitniudpartlolesHiUiantoorTespond. 

Ii^ bual (pu«Uel) cleavaie (In momed 
nicDls), Oiua not giving high polailntioiial 



Isometric and amorphcnL 



Tetragonal... 
Orthoihomhl 



IsifhillBr spar. 

/PlagloclBae. 
---^ICIorocUiw. 



■ Ad^tedlnnu Stelmfeile. 



izecy Google 



FBELIMINABY . EXAMINATION. 



;. E1ongBledlDniis(ai]>3- 
tals BDd cleavage 
ptecas). 



I UoDDlM (CaaUiery). 

Werosrttt. 

RutUe! 



Apatlt« (aa mlcroUUi). 



». OpUcallr biaxial.. 



Stralglit eit 
in diracU 



Oblique eiUnctlon 
Irom the direction 
or the length. 



BUlInuuille. 

BtauroUte. 

Bnatatlte. 

Bronilte. 

HTpanthene. 

Andalmlte. 

Zolslte. 
Araemlle, 

OlthoclBse. 
Sanldine. 

"lopaidB. 



JmaragdJle. 
Tremollte. 
Glaocopbane. 



. Opaque to translucent. 



UsCtwUte (gnina and ootolisdra). 

nmealte. 

PrrlCe and maicaslte. 

PyiThoUte. 



Oamets. 
Sp&wl. 
Chromlte. 
ABwrphoag opal. 



Analdle. 
Fluorite. 



d. OpUsdljUailBl.. 



Cakite. 

Dolomite (rarely elJD> 

gsted). 
ConniduiD. 

SldeHte. 
EleoUlc. 
NepbelUw. 



Apatite. 




uiyiii... ..Google 



14 MICBOSCOPIC DETEBMINATIOK OF SOIL-FOBMINQ MINEBALS. 



HASDNSaS. 

The hardness of the minute mineral grains occurring in a soil has 
little diagnostic value. At times, however, it makes possible the 
distinction of one mineral from another whose appearance is quite 
similar. The hardness of the various minerals, however, has an 
important relation to their occurrence in the mechanical soil sepa- 
rates. In the attrition, by natural mechanical forces and those of 
tillage and intermovements of the soil grains,' the softer minerals are 
ground finer than those of superior hardness. Consequently the 
minerals less fitted to withstand attrition are found in the silts and 
clays. 

The hardness of grains may be tested between two glass shdes of 
known hardness, or the grains may be mounted on a piece of lead or 
end of a pencil by the use of a little pressure and the hardness tested 
on an arbitrary scale, such as Mohr's. In general, the secondary 
minerals formed by weathering are less hard than the original minerals 
"composing the rock. A list of the soil-forming minerals arranged 
according to their hardness is given in Table IV. 

Table IV. — Soil-/orming miTieraU arraTu/ed acamiing to hardnsti. 
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INCLUSIONS. 

The occurrence of microscopic inclusions has a certain diagnostic 
value in the determination of minerals. The occurrence of microlites 
in certain minerals has characteristic bearing on and sometimes 
reveals the processes through which the mineral has been produced. 
These inclusions are manifestly dependent upon the conditions 
prevailii^ when the mineral was formed. They are generally of 
three types: (1) Gaseous or liquid, (2) glassy, or (3) other minerals. 

iSe«Caiueraa,TbeSallSaliitlon, EutoD, Pa.,1»ll,p. IMetseq. 
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Frimary quartz from igneous rocks has minute inclusions of gas 
and liquid which are distinctive. Apatite, rutile, zircon, and siUi- 
manite frequently occur as microlites in other minerals. These 
inclusions are frequently not only characteristic of certain minerals 
but even of definite rock provinces and of definite conditions of meta- 
morphism, so that the determination of microscopic inclusions fur- 
nishes a means of determining the source of the soil grains. Inclu- 
sions are thus often a clue to the original rock from which at least 
part of the soil was derived, and show the original condition of the 
grain itself, whether primary or secondary. 

UICBOCHEiaCAL BEACTIIOHS. 

In the earlier studies of rocks, before petrologicat methods had 
reached their present efficiency, certain useful microchemical reactions 
were perfected, notably by Boricky. These microchemical reactions 
are useful at times in distinguishing soil minerals whose optical 
properties are very similar. When hydrofluosilicic acid acts upon 
a silicate, the latter is slowly decomposed, and the bases form fiuosili- 
cates which possess characteristic crystal habits. For instance, 
potash forms little cubes or tables much like halite crystals. Soda 
forms hexagonal prisms, often terminated with pyramids. Calcium 
forms characteristic crystals resembling somewhat an elongated 
barrel. Magnesia and alumina also form characteristic crystals. 
It is possible with hydrofluosilicic acid to perform a careful qualitative 
analysis upon a minute grain. The testing is done on an object 
glass varnished for protection with Canada balsam. The object 
lens of the microscope is protected by cementing a cover glass to its 
extremity with a drop of glycerin. Other valuable microchemical 
tests are the ciesium-alum test for alumina, where large octahedrons 
are obtained by adding ctesium chloride and sulphuric acid to the 
solution of the mineral- This is an important method for distinguish- 
ing, chemically, certain minerals, notably the orthorhombic from 
the monoclinic pyroxenes. 

The gypsum test for calcium is important and characteristic. 
From dilute sulphuric acid solution calcium separates as gypsum 
either in monoclinic prisms, often needle-Uke and showing inclined 
extinction, or as twins. Certain silicates, as nepheline and the 
minerab associated with it in alkah rocks, as sodaUte, hauynite, 
noselite, etc., also some zeolites, olivine, chlorite, etc., are soluble in 
hydrochloric acid with the separation of gelatinous siUca. These 
minerals may be distinguished from others of similar physical prop- 
erties but not soluble in hydrochloric acid by placing the grain 
upon an object glass, adding a drop of hydrochloric acid, and evapora- 
ting to dryness in a desiccator. The gelatinous sihca may then be 
Stained with a solution of some organic dye, as fuchsin, which makes 

uiyii,...., Google 



16 HIGBOSCOPIC DETEBMINATIOK OF SOIL-FOBIinNO MINBBAXS. 

the siliceous gel readily visible under the microscope. Many other 
microchemical tests are occasionally of value, but those just cited are 
the more useful ones in soil mineralogical investigations. For a 
fuller discussion of the subject the special texts should be consulted.' 

THE UICBOSOOPE. 

For mineralogical soil investigations the first eesential in equip- 
ment must be a microscope. The microscopes which are particularly 
arranged for petrographic work are the most desirable. Such a 
microscope is, however, expensive and is not necessaty if one possesses 
an ordinary microscope of sufficient quality which can be modified 
for mineralogical work. Such a microscope should have — 

(1) A rotating stage provided with a centering device. The 
rotating stage is essential in the determination of extinction angles. 
The centering device is necessary in the obtaining of interference 
figures in observation in convergent polarized hght. It is desirable 
that the rotating stage be graduated into d^rees. 

(2) A J-inch and a J-inch objective. 

(3) A condensing system in the substage. For observation with 
convergent polarized light it is desirable that the microscope be fitted 
with a fine micrometer adjustment in order to measure the thickness 
of the soil grain, in the determination of birefringences. 

To adapt such a microscope for mineralogical study it is necessary 
to equip it with two nicols, a polarizer, and an analyzer. These can 
be obtained from dealers in optical goods and can be readily fitted 
to the microscope. The polarizer is mounted in the substage below 
the condensing lens, and is so fitted that it may be rotated. The i 
manufacturers commonly provide analyzers that screw in the object- 
ive and then on the body tube of the microscope. This form, how- 
ever, is not desirable on account of the difficulty in removing it and 
because of the lack of a slit for the introduction of a selenite plate. 
The cap form of nicol is preferable, as it can easily be fitted over the 
eyepiece of the microscope. In the cap nicol at the 4,5** petition a 
sUt is provided for the insertion of a selenite plate or a quartz wedge, 
which are used in the determination of the optical nature of the 
mineral and its elongation, ' 

It is also desirable that the eyepiece should be provided with two 
cross hairs arranged at right angles to each other. The nicols should 
be so adjusted that the cross hairs mark the vibration direction of i 
the nicok when they are crossed. The vibration direction of the | 
polarizer may be determined by viewing powdered tourmaline under j 
the microscope in light that is transmitted through the polarizer.' 
The tourmaline should be immersed in oil or water to obviate the | 

I See, [or inalsnce, Behrens' Uikiochemischea Anal; se, ISSS. English edltlan, translaled by Judd. 
* Bulwlllte will DOt do, M tben la no ippreciable absorpCloa In this vuletf o{ 
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dark edges of the grains obserred in air. Upon rotation of the 
section, the polarizer only inserted, there is a position in which the 
tourmaline is almost black. The elongation of the tourmaline is 
then at right anglea to the vibration direction of the nicol. The 
crystal is then al%ned with its elongation parallel to the lateral cross 
liair and the polarizer rotated until it becomes dark. The instrument 
is so marked that the polarizer may be aligned at any time to the 
cross hair of the eyepiece. 

As an accessory to the microscope it will be found hdpful to hare 
a gypsum or selenite plate which is cut of such thickness that, between 
crossed nlcols, it gives an interference color which is red of the first 
order. This color is known as the teinie sensible. This plate is 
usually mounted between two pieces of glass for protection. It is 
also desirable to have a quartz wedge, cut so that one flat side is 
parallel to the principal axis and the other tapering at an ai^le of 5°. 
These two accessories are very useful in determining the optical 
nature of the birefringence and elongation of a mineral. 

In examining minute grains for interference figures in convei^ent 
polarized light, a screen is useful in order that all light except that 
coming through the mineral may be cut out. In its simplest form 
this screen is a round disk with a ceoter hole 1 mm. or less in diameter. 
It is placed upon the cap nicol, or in case the nicol is in the body of 
the tube, upon the top of the tube. The eye-piece is always removed 
to observe interference figures.' 

For detailed descriptions of the most highly developed micro- 
scopes for the examination of soil minerals, the reader is referred to 
Rosenbusch * or Dana,* or to the trade catalogues. 

TRANSmSBIOH OF UGHT. 

In the mineralogical determination of minute soil grains the most 
valuable diagnostics are optical. It will therefore be pertinent at 
this time to discuss somewhat briefly the manner of light propagation 
and its behavior in crystallized media. 

In homogeneous bodies light is transmitted in a straight line, 
propagated by transverse waves normal to the direction of propaga- 
tion. The velocity of light in air has been determined to be 186,300 
miles per second. The velocity of light is dependent upon the 
chemical nature of the medium in which it is propagated, and in 
crystallized bodies, belonging to other than the isometric system, 
upon the direction. For instance, light travels faster in a vacuum 
than in air, faster in air than in water, and faster in water than in 

1 TMa Is not DMiessary wbere the mlscrosoope Is fltt«d with a Bertrand lena. 

I UUEToOoirtsobe Ph;sU«rephte dar UineraUen, Erata Buid, ersM Ted, p. 187 et »q. (leOS). 

1 A Text Book ol UlDBialocy, IMO, p. 183 et 9eq. 

67052°— Bull. 91—13-^—2 



u,y,i,.c.., Google 




Fto, i— RoflocOon. 



18 MICROSCOPIC DETBBMIHATIOK OF 30IL-F0BM1NG MINERALS. 

most solid media. This difference in rate of propagation is 
of great importance in the identification of soil minerals. We 
do not actually measure differences in the velocity of light in 
soil grains, but measure a constant which is dependent upon the 
Telocity. This constant, which is inversely proportional to the veloc- 
^ ity of light, is called the 

index of refraction. 

INDEX OP BEPSAOnON. 

When hght falls upon a 
polished surface, part of 
it is reflected. The inci- 
dent and reflected rays are 
in the same plane, and the 
angle of incidence AOC 
(in fig. 4) is equal to the 
angle of reflection COB. 
When light passes from one medium to another of greater or less 
optica! density, the hght is bent or "refracted "from its former path. 
"Hus is due to the difference in velocity of the rays in the different 
media. The incident ray AO (in fig. 5) and the refracted ray OB are 
in the same plane. The ratio of thesineof angleof in(dd6nce.ilO<7to 
the sine of the angje of refraction BOC is a constant for any particular 
system, hut varies with the 
chemical nature of the me- 
dia, and is a measure of the 
, difference in velocity of the 
light in the two media. 
This ratio of the sine of the 
angle of incidence to the 
sine of the angle of refrac- 
tion is called the index of 
refraction and in isotropic 
bodies is independent of 
the direction of the trans- 
mitted light. 

ISOTKOFIC BODIES. 

In all hquids,' in amor- 
phous bodies, and in those 
crystallizing in the isometric system, the vdodty of light is the same 
in all directions. If light be propagated from a center in such a body 

■ As sn apparent excepMni to thli, BebMtm IMmaX. I. Owm., ISSt, IX, 4St) flrat dlaooversd an m^uitc 
conipound (pholesHryl-beiuoats} baTJng a definite nuKiiig point wblob u a Uqnld acted ai an ttntsatrapja 
body. Lehmui studied wvetsl ol then turbid Hqntds, which clrac at a slightly higher temperature and 
lose tbeir anisotropic nature. A oomparatively lu^ rnunber of anisoliopic liquids and siM«tled liquid 
ayltals have been dssctlbed In leoeot years. 
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and intercepted at any moment, the wave front will be a sphere; 
that is, all the rays will travel the same distance in every direction. 
Such bodies are called isotropic; that is, their optical properties are 
independent of direction. 

ANISOTEOPIC BODIES. 

In contradistinction to isotropic bodies are the anisotropic ones, 
or those through which hght travels at different rates in different 
directions. To this class belong all crystals other than those of the 
isometric system. A ray of light, having its waves of propagation 
in every possible plane when passing into an anisotropic body, is 
split into two rays which are propagated by vibrations normal to the 
direction of propagation, and at the same time the vibrations are in 
two planes at right angles to e^ch other. These rays, however, are 
in the same plane with the incident ray, but axe propagated at dif- 
ferent velocities. Consequently each ray has an index of refraction 
distinct from the other. This phenomenon is known as birefringence 
or double refraction. It is plainly lUustrated in the mineral calcite, 
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which (when transparent) may be placed over some printing and 
then shows a double image. This is due to the separation of the 
single incident ray into two refracted rays of unequal velocity, which 
reach the eye from two separate angles, forming two distinct images- 
Ordinary light is transmitted by vibrations normal to the hne of 
propagation, but the planes including these vibrations may be inclinetl 
at various angles to one another. When light passes through an 
anisotropic body, however, the two refracted rays have peculiar 
properties distinguishing them from rays of ordinary light. All of 
these rays are transmitted by transverse vibrations, one set of which 
is transmitted by vibrations in parallel planes and the other set by 
vibrations also in parallel planes but at right angles to the planes of 
the first set. This phenomenon is called polarization and the .two 
sets of rays transmitted through anisotropic bodies are plane polarized 
and the planes of polarization are at right an^es to each other. 

In figure 6, ..4 is a diagrammatic view of a bundle of rays which are 
propagated by transverse waves (dotted lines) which have no 
especial distribution. lii S and C, on the other hand we have 
diagrammatic views of a bundle of rays with the transverse path in a 
series of parallel planes, in other words, polarized, and the planes of, 
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polarization at right angles to each other. D illuBtrates two plane 
polarized rays superimposed one upon the other; that is, when inci- 
dent angle is equal to 0°. E represents transmission of light through 
an anisotropic medium. The ordinary light as represented in the 
illustration is split into two pluie polarized rays. 

The use of polarized light is invaluable in the microscopic study of 
rocks and soil grains. The most acceptable and convenient method 
of preparing polarized light is by the use of a so-called nicol. The 
nicol is a piece of Iceland spar so constructed that in the passage of 
light through it the ordinary ray suffers total internal reflection 
and the extraordinary ray alone emei^es. One nicol is placed in the 
3ubstage of the microscope below the condensing system and the other 
above the objective, or in the case of a cap nicol, above the eyepiece. 
Light coming through such a nicol is plane polarized; that is, it is 
propagated by transverse vibrations which are in parallel planes. 
Consequently when the nicols are so arranged that the vibration 
planes of each nicol are parallel to each other light is transmitted. 
When, however, these planes are at right angles to each other they 
mutually interfere and no light is transmitted ; the field is totally dark. 

Whenever an isometric mineral such as garnet, fluorite, etc., is 
placed between crossed nicols, there is no appreciable difference in the 
phenomena observed; upon rotating the mineral the field remains 
dark. But when an anisotropic mineral is placed between the two 
nicols as they are crossed light is transmitted, the mineral often 
appears light colored in a dark field. The mineral so modifies the 
vibration plane of the light emerging from the polarizer that part of 
the light transmitted through the mineral grain is permitted to emei^e 
through the upper nicol. 

The polarizer in the substage does not interfere with observations 
in ordinary light except that it reduces the transmitted light by one- 
half. In fact its use is advantageous in the determination of indices 
of refraction, and it is necessary in the study of pleochroism, since it 
confines the light to vibrations in one plane. When a mineral g^ain 
is brought to the position of extinction between crossed nicols, and 
if the analyzer be removed, the light passing through the grain will 
be transmitted by vibrations in only one of the two vibration planes 
of the mineral. Thus in this position it is possible to determine the 
fundamental pleochroic color transmitted by vibrations in each of 
these two directions and to determine separately the refractive 
indices of these two vibration directions. 

In a rotation of an anisotropic mineral through 360° there are 
four positions in which the light transmitted through the mineral 
between nicols completely disappears and the field is uniformly 
dark. This position is called the position of extinction. The angle 
between this position and a crystallographic boundary, cleavage 
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fac«, etc., is called the angle of extinction and is a very important 
means of distinguishing raonoclinic and triclinic minerals from each 
other and from those of the tetragonal, hex^onal, and orthorhombic 
systems. These last three systems show parallel extinction; that is, 
the crystallographic boundary and tha vibration planes of the nicols 
coincide when the mineral is at the position of extinction. A mineral 
is at the position of extinction when the positions of maximum and 
minimum indices of refraction of that particular section are coincident 
with the vibration planes of the nicols. 

In any one direction through an anisotropic medium two rays 
may be propagated, which rays are produced by vibrations at right 
angles to each other and normal to the direction in which the rays are 
passing. Suppose a plane be passed through the direction of the 
ray, normal to it, and on this plane and in the two directions of vibra- 
tion there be plotted points at distances equal to the reciprocals of 
the uidices of refraction of each of the rays. Suppose further that 
this process be repeated for all possible directions passing through any 
given point within the medium. Then the points marking the 
reciprocals of the refractive indices will lia in the surface of a soHd. 
If the medium is uniaxial the surface will be an ellipsoid of rotation. 
If, however, the medium is biaxial, this surface will be an oblate 
ellipsoid. 

In this ellipsoid the axes correspond to the maximum, minimum, 
and mean velocity of the rays transmitt«d normal to their direction. 
Any section of the ellipsoid will be an elhpse (in certain cases a 
circle) and the two rays of light propagated normal to the section 
tiut>ugh the mineral will have their vibration directions coincident 
with the major and minor axes of the elhpse and the velocity of the 
two rays to each other will be as the axes of the ellipse. 

Light traveling in any given direction through a mineral will then 
be represented by the sectional elhpse formed from the ellipsoid 
according to the orientation of the mineral, and the vibration direc- 
tions of the two rays will be the major and minor axes of the elliptical 
cross sections. 

The optical eUipsoid, therefore, enables one to determine the vibra^ 
tion direction (position of extinction between crossed nicols) and 
the index of refraction for each of the rays of light propagated in 
any particular direction through an anisotropic medium. 

The three axes of the optical ellipsoid at right angles to one another 
correspond to the velocities of rays propagated in directions at right 
angles to the axes but vibrating in the directions of the axes. In 
the biaxial ellipsoid there will be a major (maximum value), minor 
(minimum value), and mean axis at right angles to each other. 

In the isometric system these three axes are equal, since in any 
direction the velocity of light is the same, and the wave front is a 
sphere. 

D,aiiize..,GoOgle 



22 MICROSCOPIC DETEBMINATION OP 80IL-F0BMIKG MINERALS. 

In the tetragonal and hexagonal cryatallographic systems two of 
these axes are equal and the third axis is greater or less, and accord- 
ingly the mineral is positiyely or negatively birefringent, as wiU be 
described pr^ently. This third axis is always, in these systems, 
coincident with the direction of the vertical crystallographic axis 6. 
The two equal axes are in the same plane as the horizontal crystallo- 
graphic axes. Light transmitted parallel to the vertical crystallo- 
graphic axis 6 is propagated by vibrations normal to this axis; that 
is, the vibrations are in the plane of the equal axes; and since there 
is no difference in the velocity of the rays the light will pass aa through 
an isotropic body. Light transmitted in any other direction than 
that of crystallographic axis 6 suffers double refraction in that the 
ray is separated into two rays which are propagated at different 
velocities by transverse waves. Both of these rays are polarized and 
the planes of polarization are at right angles to each other. 

In the tetragonal and hexagonal systems one of these rays will 
always have the refractive index (velocity) of the ray transmitted 
parcel to crystallographic axis 6. This ray is called the ordinary 
ray, and its refractive index (w) and velocity are independent of the 
direction of propagation through the mineral. The value of the 
refractive index for the extraordinary ray is dependent upon the 
direction of the propf^ation of the ray. It varies from a value 
approaching that of the ordinary ray when the direction of the light 
is almost parallel to the vertical axis to a limit when the light is 
transmitted perpendicular to vertical axis 6, which is a maximum in 
positive minerals and a minimum in negative minerals. If the 
index of refraction (w) of the ordinary ray is less than that of 
the extraordinary ray, the mineral is arbitrarily designated as posi- 
tively birefringent w<e= +. Conversely, if the index of refraction 
of the ordinary ray is greater than that of the extraordinary ray, the 
mineral is designated as negatively birefringent w>e= ( — ), 

Basal sections of these minerals do not have any effect upon parallel 
polarized light, so that in crossed nicok the field remains dark. If 
the light from the polarizing nicol be passed through a condensing 
lens before entering the mineral, the incident parallel rays are 
deflected and the raya passing through the mineral grain will be 
inclined to the crystallographic axis. 

In this case as the inclined rays are no longer normal to the optic 
section the ray is split into two rays, one with refractive index tu, 
ordinary ray, the other with an index value slightly greater or less, 
as the mineral is positive or negative. Between crossed nicols a 
feeble light filters through. If this phenomenon be observed with a 
microscope fitted with a high-power objective J inch or less focbJ 
length and the eyepiece be removed, one sees in the tube of the 
microscope an interference figure. With minerals of these two sys- 
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tems the figure is "uniaxifll;" that is, there is a figure of two dark 
brushes at right angles (see fig. 7) to each other aod parallel to the 
vibration planes of the nicols. If the section or grain is thick or the 
birefringence of the mineral high, then symetrically arrai^ed around 
the cross are rings, which rings are variously colored with white li^t, 
but are alternate light and dark rings with monochromatic light. 
Upon rotating the stage of the microscope, if the center of the cross 
is coincident with the optical center of the microscope, the cross and 
rings remain stationary. If center of cross is slightly to one side of 
the optical center, the center of the cross revolves in a circle around 
the optical center of the instrument, the dark bars or brushes retain- 
ing their position parallel to the vibration planes of the nicols. On 
account of this interference figure, minerals crystallizing in the hex- 
agons} and tetragonal systems are called uniaxial and the interfer- 
ence figure distinguishes them 
from minerals crystaUized in 
the other systems. The point 
of intersection of the two 
bars in the interference fig- 
ure marks the emei^;ence of 
the optic axis. 

In minerals of the ortho- 
hombic, monoclinic, and tri- 
clinicsystems the propagation 
of light is for convenience 
referred to three axes at right 
angles to each other, the so- 
called axes of ether elasticity 
in the oblate ellipsoid. It is 
customary to employ the fol- 
lowing symbols: 

ti=vibTation direction of the faateet ny, a=index of refraction of thftt ray. 

ii=vib»tion direction of the mean ray, ;9=index of refraction of that ray. 

r=vibrationdirectionot l^iealoweet my, )-=index of refraction of that ray. 

It is, of course, obvious that the face of the advancing wave of 
light through an anisotropic medium lies in the surface of the ellip- 
soid, whose shape is detMinined by the three axes corresponding to 
the reciprocals of the indices of refraction. In the orthoriiombic 
system the direction of these axes is coincident with the crystallo- 
graphic axes. In the monoclinic system one ether axis (generally b) 
is coincident with the macro-axis h. The other two are therefore in 
the plane of crystallographic symmetry and variously inclined to the 
vertical axis and the clino-axis. 

In the triclinic system there is no appfurent relation between the 
crystallogrsphic axes and the axes of the optical ellipsoid. 
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In the ellipsoid of three uaequal axes corresponding to biaxial 
crystals, the axis of medium value (b) is an axis of rotation. Cutting 
sections from the ellipsoid, it is possible to cut two sections where the 
larger axis of the sectional elUpse is so foreshortened that it equals b, 
the axis of medium yalue. These sections are circles. Light trans- 
mitted normal to these sections will be propagated by vibrations of 
equal velocity and therefore this section should act aa an isotropic 
body and in polarized light between crossed nicols no light should be 
transmitted. Actually, in such a section, instead of darkness, there 
is a faint glimmer of l^ht which persists through a complete rotation 
of the stage.' 

With the microscope, if the convergent lens is introduced in the 
substage and the eyepiece removed, using J-inch objective or less, 
an interference figure is seen much like that of the uniaxial figure. 
Instead of two brushes, however, there is only one, and upon rotation 
of the stage this brush revolves about the center in the opposite 
direction to that of the rotation of the stage. The center of the 
brush is the point of emergence of the optjc axis. The two optic axes 
are inclined to each other, and the angle between them is called the 
optic angle. Its vaLue varies with the principal indices of refraction. 
The direction between the two axes and in the same plane with the 
optic axes is called a bisectrix. The bisectrix of the angle where 2 V< 
90° is called the acute bisectrix (Bxa); the other, at right angles to 
this, is called obtuse bisectrix {Bxo). The bisectrices are coincident 
with the axes of optical elasticity, and with the directions of vibration 
of the rays with maximum and minimum indices of refraction. The 
optic symbol, 2 V, always designates the acute angle. 

The plane carrying the bisectrices and the optic axes is called the 
optic plane. When the acute bisectrix is coincident with the axis of 
greatest ease of vibration a, the mineral is said to have negative 
birefrii^;ence and conversely when axis t is the acute bisectrix the 
birefringence is positive. 

The orientation of the optical properties of a mineral can not be 
determined in parallel polarized light. Between crossed nicob all 
sections of anisotropic minerals transmit polarized light, except 
uniaxial crystals where light is transmitted parallel to the optic axis. 
In a complete rotation of 360°, extinction takes place four times when 
the direction of least vibration and greatest vibration planes of the 
section are coincident with the vibration planes of the two nicols, 
^cept when hght is transmitted through a biaxial mineral in the 
direction of an optic axis. 

I The eiplaaatiaii of thb pbeoonuDini nur lie lound in Dhui'i Textbook 01 KlDBiBlogy , p. W7 , 
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OOIAB OF MINERALS. 

Generally speaking, the color of a mineral is not a safe guide in its 
identification. Occasionally, however, it has a considerable impor- 
tance, and consequently it seems desirable to describe some of the 
principal color phenomena useful to the soil mineralogist. 

It will be convenient to consider first colorless minerals and white 
ones. Most minerals in a pure condition are colorless, and many of 
the colored ones in very small particles, as when finely ground or as 
they occur in the fine silts and clays, appear colorless. Lack of color, 
however, should be distinguished from whiteness or opacity due to 
more or less complete total reflection, as shown by some powdered 
minerals or those made up of intertwining of very small individuals, 
or -by very minute inclusions, as with milky quartz, for example. 
GeneraUy, the white opaque minerals when immersed in a liquid 
having the same refractive index appear colorless or with their true 
color. Anomalous colors due to superficial coatings or inclusions are 
rather common, and in such cases the particles are frequently opaque. 
Their true character can usually be recognized under the microscope 
by cutting off the transmitted light and observing them in reflected 
light only. 

The color of a inineral is frequently due to the presence of a very 
small amount of impurity. Often it varies greatly with the thickness 
of tlie particle and in extreme cases a strong-colored mineral in 
minute fragments may appear practically colorless. Frequently the 
color by transmitted light is quite different from that by reflected 
light, as in the case of many ferrous silicates which in larger grains 
are green by transmitted light and black by reflected light. Table V 
gives an arrangement of minerals with their characteristic colors, 
which is useful for the purposes of identification. 

When polarized light is transmitted through a colored anisotropic 
mineral, rotating the stage of the microscope carrying such a section 
often causes a change in the intensity of the color, or even in the 
color itself. This property is known as pleochroism, and is character- 
istic of a few of the colored minerals, such aa tourmaline, hornblende, 
epidote, etc. As pleochroism is due to the difference in absorption 
of the light waves in a crystal, it is not manifested by isotropic colored 
minerals, such as the garnets or spinels. The amount or magnitude 
of pleochroism varies with the nature of the mineral, upon the depth 
of color of the mineral, and upon the thickness of the mineral frag- 
ment. Kecently Joiy> has devised a method for the intensifying of 
pleochroism. By the use of mirrors, within a microscope polarized 
light passes through the mineral section then back again, which has 
the effect of doubling the thickness of the section. 

1 Jolf. Proe. Roy. Dub. Soc., a, 4§6 (leoi). 
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DETEBHINATION OF INVIOES OF BEFRAOTION. 

In the sands the mdices of refraction are determmed hy the 
inclined illumination method of Schroeder Van der Kolk. The 
method requires immersion oils or liquids of various indices. It is 
essentially a comparison of the index of the grain and the embedding 
material. With isotropic grains, in the nature of the case, there is 
only one index to be obtained. With anisotropic substances the 
index observed will depend upon the position or orientation of the 
particle with the microscope. The grains after immersion in oil are 
covered with a cover glass and brought into the field. The condenser 
lens is dropped a little and one finger is placed partly over the polar- 
izing case-— or reflecting mirror in the substage — throwing a shadow " 
on one-half of the field. The stage of the microscope is so moved 
that the grain is in the shadow, but close to its boundary. There are 
three possible cases: 

(1) The mineral grain has a bright edge which is toward the 
shadow. Then the index of the mineral is greater than that of the 
medium. 

(2) The mineral grain has a bright edge away from the shadow. 
Then the index of the mineral is less than that of the medium. 

(3) The mineral grain shows a blue edge toward the light and a 
red edge toward the shadow. Then the indices of the grain and 
medium are equal. 

The use of a series of oils of definite indices of refraction makes 
readily possible the determination of the index of the grain. In 
order to determine the several indices in an anisotropic mineral it is 
best to use crossed nicols and rotate the grain to the position of 
complete extinction. The analyzer is then removed and the index 
of the grain in the direction parallel to the vibration plane of the 
polarizer is determined by trial as before. The section is then turned 
90° and it is determined whether or not the other index is higher or 
lower. The same index is then determined by further trials in the 
several oils, due consideration being given to the orientation of the 
grains. 

With this method it will be necessary to try out the microscope to 
fmd the best adjustment of the condenser system. For example, in 
the Fuess instrument the relations of the thin light edge may be com- 
pletely reversed by removing the condenser or by elevating it to the 
highest point. The great value of this method of inchned illumina- 
tion lies In the quickness and readiness with which determinations 
can be made. 

In the determination of the index of refraction of silt gruns it is 
necessary to use a higher magnification than that obtained by a 
H^ch objective, bo that Schroeder Van der Kolk's method can not 
be used. Becke's line method for the determination of the index of 
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28 MICBOSCOPIC DETEBMINATION OP SOIL-FOBMING MINERALS. 

refraction of silt graina is also a method of inclined illumination 
which requires oil immereion. The method is much the same as 
Schroeder Van der Kolk's, except that the difference in indices of 
oil and grain is more clearly perceived. When inclined illumination 
is produced by shading with the finger there is perceived at the edge 
of the grain a thin edge of hght. Upon raising the tube of tW micro- 
scope slowly with the fine adjustment this line of light, or "Becke's 
line," is seen to move into the grain or away from it. As the tube is 
elevated this line moves toward the substance with the higher index, 
and upon lowering the objective the reverse takes place. The adjust- 
ment of the condenser system is not as important in this method as 
in that of Schroeder Van der Kolk. The method is much more 
sensitive and consequently is used with the high-power objectives. 

The phenomena of "relief" is closely connected with the index of 
refraction. In general it is a convenient means for preliminary 
determination of the index. When a soil grain is observed imder a 
microscope the edges of the grain possess a very dark border. Upon 
immersion of the grain in water this border is diminished very much, 
but still is apparent. Upon immersion in oil the dark edges and the 
relief entirely disappear and the oil and grain appear as one when 
the indices are the same. In practice it is easy to "size up" the 
index by the relief. Minerals which possess an index much lower 
than the meditun also give pronounced relief. An elevation of the 
tube will distinguish between these two cases by showing the move- 
ment of Becke'a line, 

BXAUINATIOK OF UNXBALS EH PABAXJJEI. POZiASlZBD LIGHT. 

DISTINCTION BETWEEN ISOTBOPIO AND ANISOTROPIC MINERALS. 

After examination in ordinary polarized light for color, pleochroism, 
index of refraction, cleavage, and outline, the mineral soil grain is ex- 
amined in parallel polarized light between crossed nicols. Immediately 
a distinction is made between isotropic and anisotropic minerals. 
Isotropic minerals, of which the more common in soils are fluorite, 
spinel, chromite, and the garnets, do not permit the passage of light 
between crossed nicols, while the anisotropic minerals will alternately 
admit and cut off the light four times as the stage of the instrument 
is rotated. Occasionally a mineral grain transmits polarized hght, 
and in a rotation of 360° there is no extinction, or, possibly, only a 
diminution in the intensity of the already feeble transmission. It 
will be found that this mineral is biaxial and shows the emergence of 
an optic axis, i. e., has an aggregate polarization. Uniaxial minerals 
where the optic axis is pardlel to the axis of the microscope will not 
transmit polarized hght. These two orientations, however, are 
exceptional, and isotropic grains may be distinguished by observation 
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in convergent polarized light, as will be described later. A simpler 
way is to apply a gentle pressure upon the cover glass near the edge. 
The grains appear to rush about and readjust themselves. The same 
result is brought about less violently by tapping gently on the cover 
^ass with a wire spatula. This manner of obtaining a different 
orientation of the mineral grain is very simple but an invaluable aid 
to the optical investigation of the very small soil particles. 

BIREFRINGENCE. 

In the previous discussion it has been shown that light is trans- 
mitted through anisotropic grains by two series of vibrations which 
give rise to two light waves, the planes of which -are at right angles 
to each other. TTie velocities of these waves are unequal, so that 
when they emerge from the grain there is a definite phasal dif- 
ference between them, which will depend upon the thickness of the 
grain, upon the difference in path of the two rays in the grain, and 
upon the difference in velocity of the rays. When the components of 
these two waves are reduced to vibrations in the same plane by the 
introduction of an analyzer, this difference in phasal relation brings 
about interference phenomena. Thus, in monochromatic light if the 
difference in phase is equal to a wave length or a whole number of 
wave lengths the waves mutually extinguish one another upon intro- 
ducing the analyzer, and we have darkless {in crossed nicols) through 
a complete rotation of the stage. Any other difference in phase 
between- crossed nicols will bring about a partial extinction of the 
light, which will vary with the inclination of the grain (rotation of the 
st^e) to the vibration planes of the nicois. In the case where the 
principal vibration planes of the mineral are coincident with the 
vibration planes of the nicols the light is completely extinguished.' 

Anisotropic minerals behave somewhat differently in white light. 
On account of the heterogeneity of white light, which consists of 
many waves of differing length and velocity, at no time is thffl-e an 
equal difference in phase for all wave lengths. Therefore, instead 
of having total extinction due to phasal differences, there is extinction 
for rays of definite wave lengths (colors). These variously colored 
rays which have been extinguished are essential to the formation 
of white light, so that by their elimination the light which is trans- 
mitted is colored. This color does not change upon rotating the 
stage, since the rotation of the stage does not change this difference 
in phase, but the intensity of the color changes from its maximum at 
the 45° position to zero (total darkness) at the position in which the 
vibration planes of the nicols and the mineral grain coincide. 

' For rullec discussion sm: Iddlnff, Rook ttliMnls, pp. 139-140. 
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Thus, it happens that anisotropic mineral grains permitting the 
passage of light between crossed nicols appear as grains of varioua 
colors in a dark background. The interference color is dependent 
upon the thicknees of the grain and in grains of equal thickness upon 
the difference in the indices of refraction (the birefringence) of the 
two sets of rays passing through the grain, and for changes in these 
values there are corresponding chuiges in the color observed between 
crossed nicols. 

The interference colors obtained with anisotropic mineral grains 
vary from a dull gray and pale white with minerals of very smali 
birefringence, rising with increase of birefringence through more 
brilliant colors of yellow, orange, purple of the first order, then 
lighter tints, blue-green, yellow, orange, and purple of the second 
order, to the still paler colors of higher orders. The very high orders 
of highly birefringent minerals are of a peculiar whitish color readily 
distii^uished from the pale white of very low birefringence. 

The birefringence of mineral grains is dependent in each mineral, 
as has been shown, upon the thickness of the grain and upon the 
direction of the light transmitted through the grain — that is, the 
optical orientation of the grain. In order, therefore, to determine 
the birefringence of a mineral it is necessary to know the orienta- 
tion of the grain. To determine the thickness of the grain it is 
necessary to focus upon the base of the grain and then, using the fine 
adjustment, to focus upon the top of the grain. This difference in 
focus, read off from the graduations of the fine adjustment head in 
most microscopes, gives the apparent thickness of the grain. Owing, 
however, to the difference in path of the rays in the grain to those in 
air, it is necessary to multiply the apparent thickness of the grain by 
the mean index of refraction to get the true value, Whenevei the 
orientation of the grain is such that the axis of the optical ellipsoid 
emerges, the birefringence is at its maximimi. 

Michel Levy has constructed a plot of maximum birefringence 
colors of the minerals. (See fig. S.) In this plot the ordinates repre- 
sent the thickness of the grain and the abscissas the birefringence 
colors due to difference in the indices. The colors starting at the 
origin mount up through the higher colors. In order to use such a 
table it is necessary to determine the thickness of the mineral grain 
as previously described, and this being found on the corresponding 
thickness ordinate of the plot, to carry this distance over the plot 
until the birefringence color of the mineral grain is matched. 

The nearest oblique line having its ori^ at 0, is then followed to 
the border of the plot, where the difference in indices (birefringence) 
of the grain is obtained. If the grain is so oriented that the axis 
emerges, then this value is equal to the maximum birefringence of the 
mineral. The oblique lines (iso-birefringent lines) have at their 
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terminations the birefringent values and the minerals whose maximum 
birefringence iy — a) is equal to this value. The determination of 
birefringence of minerals by the use of the Michel Levy plot is limited 
in accuracy, however, to those minerals whose maximimi birefringence 
is less than 0.050. Whenever this birefrii^ence amounts to or is more 
than 0.050, the error involved is considerable and the determination of 
the separate indices is a more accurate method of determining the 
birefringence. The number of minerals are few whose birefrii^ence is 
more than 0.050, the commoner ones of which are zircon, rutile, calcite, 
dolomite, and aragonite, minerals which can be readily distinguished 
by properties other than their birefringence. 

The lower order birefringence colors, the grays and the pale 
whites, are very difficult to distinguish between crossed nicols. 
When, however, these colors are viewed in parallel nicols, distinction 
is very easily made and the proper position found upon the plot 
corresponding to the retardation. 

For observation of minute birefringence the insertion in the 
instrument of a gypsum plate showing a birefringence color of purple 
of the first order is very valuable, A very feeble birefringence is 
sufficient to raise this color to the higher order blue when the vibra- 
tion direction of the faster ray in the plate and grain coincide, and to 
lower it to yellow when the vibration direction of the faster ray of one 
is coincident with that of the slower ray of the other. 

With the lower colors of birefringence the order of the color may 
be difficult to determine until the observer has had some practice. 
In these cases it is advisable to turn a section to the 45° position and 
then insert the quartz wedge, also at 45°. If the vibration direction 
B.of the faster ray of both wedge and grain are comcident, then as 
the wedge ismoved forward the interference color increases in order, 
the new color starting at the center of the grain and working toward 
the edge. If the vibration direction a of the faster ray of the wedge 
is coincident with the vibration direction of the slower ray in the 
grain, the converse takes place and the colors drop in order. The 
colors move from the edge toward the center. Finally the interfer- 
ence color will drop to a pale order, white, gray, and then to black. 
The insertion of the wedge is stopped at this point, the phasal differ- 
ence in the wedge and grain being equal but opposite. On with- 
drawing the grain the interference color of the wedge is noted, and 
as the wedge is then slowly withdrawn the order of the interference 
color is also noted. Knowing the color, the order of the color, and 
the thickness of the grain, the birefringence is read off from the chart 
of Michel Levy. It is convenient at times to determine the order of 
the birefringence color in soil grains by countit^ from the extreme 
edge of the grain the number of times a particular color is repeated. 
Preferably purple is the color selected, since it marks the transition 
from one order spectrum to another. 
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Frequently certain minerals, such as tourmaline, hornblende, zdr- 
con, etc., on account of a prismatic crystallization or prismatic cleav- 
age, show characteristic elongation. The extinction measured from 
this elongation is characteristic, as is also the optical nature of the 
elongation. That is, if the mineral possesses straight extinction and 
the elongated direction of the mineral is the direction of vibration t 
of the slow ray, the elongation is positive. If the direction of vibra- 
tion of the fast ray a coincides with this elongation, the elongation 
is optically negative. The determination of the value of the vibra- 
tion direction of the mineral grains has been previously described,' 

In biaxial minerals, if the elongation is parallel to b, the optical 
elongation may be either positive or n^ative, accordingly as the oppo- 
site vibration direction is, a or t. In some elongated minerals, as, 
for instance, augite, the direction of elongation is not parallel or 
nearly parallel to the vibration plane of the mineral, so that it has 
no characteristic optical elongation. 

CHARACTER OF THE BIREPfilNOENCE. 

The optical character of a mineral, whether positive or negative, 
can be readily determined in parallel polarized Light from the vibra- 
tion planes of the grain it its optical orientation is known. The opti- 
cal orientation is determined, however, in converged polarized light, 
as will be presently described. 

If the section shows the emei^ence of an acute bisectrix, the vibra- 
tion plane corresponding to the principal optical section will, in pos- 
itive minerals, be the vibration direction a of the faster ray; in n^- 
ative minerals this direction will be the vibration direction t of the 
slower ray. If the mineral grain shows the emeigence of an obtuse 
bisectrix, then the principal optical section will, in positive minerals, 
with this orientation, be the vibration direction t of the slower ray; 
in negative minerals it will be the vibration direction a of the faster 
ray. 

In mineral grains which show the emergence of the optic normal, if 
the direction of the acute bisectrix is the vibration direction of the 
slower ray j the mineral is optically positive. If, however, this direc- 
tion is the vibration direction a of the faster ray, the mineral is 
negative. 

With observation in parallel polarized light it is frequently found 
that in a homogeneous mineral there will not be simultaneous extinc- 
tion throughout the mineral. There may be two cases. One is the 
so-called undulatory extinction frequently found in quartz, in which 
the extinction passes as a cloud through the mineral. This is due to 
certain mechanical forces which have at some time affected the grain, 
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notably great pressurs, as in certain metamorphic rocks. The other 
case, of much more importance in mineral determination, is that in 
which a portion of the mineral shows extinction and at a certain angle 
another portion shows extinction. The line separating these two por- 
tions is nearly always a straight lino. This effect is a result of a dif- 
ference in orientation of portions of the grain due to twinning. Twin- 
ning is thus readUy recognized between crossed nicols by the absence 
of uniform orientation. With the aid of the gypsum plate it is very 
readily shown that the two adjacent twins have a different optical 
orientation other than by their extinction angles. Twinning has a 
very important diagnostic value in mineral determination, especially 
in the case of the most abundant mineral types, the feldspars.' 
Another type of extinction or, rather lack of extinction, is to be 
found in the minerals with aggregate polarization. Some minerals, 
chlorite, kaolin, glauconite, etc., when they are formed, crystallize in 
minute grains in, around, and over each other, so that each grain 
interferes with the optical properties of others and the mineral is not 
crystallographically or optically homogeneous, but forms the so-called 
aggregates which, on account of the heterogeneous nature of their 
make-up, produce peculiar polarization colors, due to the mutual 
interference of the grains. 

THE USE OF THE SELENITE PLATE AND QUAETZ WEDGE. 

Light is transmitted through anisotropic minerals between crossed 
nicols by two vibrations at right angles to each other and of different 
velocities. One of the rays, upon emei^;ing from the mineral, will 
have increased in phase a certain definite part of a wave length, 
which will depend upon the thickness of the grain and upon the differ- 
ence in velocity of the two vibrations. As long as these waves are 
in different planes, no effect is observable. Whenever their compo- 
nents are reduced to a common plane, as by the introduction of an 
analyzer, this difference in phase of the two light waves causes inter- 
ference phenomena. In ordinary white light a definite interference 
color is obtained, due to definite phasal difference in the two rays. 
If an anisotropic plate is superimposed with its vibration directions 
parallel to the grain, there are two phenomena observed. Whenever 
the vibration direction of the waves of maximuni velocity of the grain 
and the plate coincide, the light passing from the grain through the 
plate is affected in the same manner as in passing through the grain 
itself, and there is an increase in phasal difference, and the effect is 
much the same as if the tliickness of the grain were increased. If 
the grain is now rotated 90° and the vibration direction of the ray 
with the maximum velocity in the mineral grain coincides with the 

'Vet taitha obserratlon apoa the (wlimiiig or cha teldapars sad how UiIb property altls the Ideouaca. 
Hon of thoe minerals, the reader b lefeired to p. IJO. 

67IK2°— Bull. 91—13 3 
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Tibration direction of the ray with the minimum velocity in the plate, 
the amount which one wave has gained upon the other in traversing 
the mineral grain will be partly, entirely, or even more than compen- 
sated by the increased velocity of the slow ray of the grain and re- 
tardation of the fast ray of the grain while passing tlirough the plate. 
The effect will be as thougli the grain were tliinned. In case the 
phasal differences of the two rays of the plate and those of the grain 
are equal, there will be complete extinction, either in white or mono- 
chromatic light. 

Practical use is made of these phenomena in determining the value 
of vibration directions of the two rays, which are propagated in an 
anisotropic grain. For practical purposes use is made of a selenite 
plate, showing an interference color of purple of the first order; and 
of a quartz wedge, one side of which is parallel to the crystallographic 
axis c anti tlie other side of which makes an angle with this axis. The 
selenite or gypsum plate is a side pinacoid cleavage face cut normal 
to b and to the optic normal; therefore, light is transmitted tlirough 
this section by vibrations parallel to the axes r and a. The purple of 
the first order is the most sensitive interference color. A difference 
of phase induced by an anisotropic grain with faint birefringence 
will change the color to a higher-order blue if the vibration planes 
of the grain coincide with the corresponding planes of the plates. 
If, however the vibration planes of the grain are at right angles to the 
corresponding planes of the plate, a lower order color, yellow, will bo 
produced. 

The orientation of the gypsum plate itself may be determined, as 
pointed out by Johannsen • from its appearance in convei^d polar- 
ized hght. The center of the field is a purple. Toward tlie edge of 
the field tliis color turns to blue in two opposite quadrants and to 
yellow in the other two. The hue joining tlie two yellow quadrants 
is the direction of the acute bisectrix, and since gypsum is positively 
birefringent, this direction is r. The vibration direction h is at ' 
right angles to this. 

The vibration directions of the gypsum plate being known, the 
orientation of the relative value of the vibration planes of the quartz 
wedge is determined. The gypsum plate is used as a section upon 
the stage and rotated to the 45° pi^tion. The quartz wedge is now 
inserted in the 45° position and the change in interference color 
noted. If the vibration planes of the fast rays coincide, then the 
purple of the first order mounts up to the higher orders. If the fast 
ray of the gypsum plate is coincident with the slow ray of quartz- 
wedge, the interference color falls, as the wedge advances, through 
yellow, white, gray, and then to darkness when the phasal differences 

1 Dclenoliutltai or rocfe-ftaming mlnerala, Wile; and Sod, IMS, pp. 2e,Gie. 
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of the quartz wedge and gypsum plate are equal and opposite. The 
colors rise again if the wedge is inserted further. 

The gypsum plate is used in determining the nature of birefrii^ence 
and of the elongation of minerals whose birefringence is low. The 
quartz wedge is used for the same purpose in minerals whose bire- 
fringence are of the higher orders. The quartz wedge is also used 
to determine the order of interference colors. To use the quartz 
wedge for this purpose the mineral grain is turned to the 45° posi- 
tion, when the maximum light passes and the quartz wedge is in- 
serted. If the direction of the vibration of the fast ray of the grain 
and the wedge coincide, then as the wedge advances there will be an 
increase in tiie order of the resulting color. The grain should be 
rotated until the color falls with the insertion of the wedge, and the 
latter advanced to darkness, when the phasal difference of the rays 
in the grain are compensated by the quartz wedge. The grain is 
removed, the color of the wedge noted, and the wedge withdrawn 
slowly, that the order may be noted. ^ 

With grains of high birefringence there are at the edges of the 
grain concentric rings of color. Upon insertion of the wedge, when 
the vibration directions of the fast rays of the grain and the wedge 
coincide these bands or rings seem to form at the center of the grain 
and expand toward the edge of the grain. Conversely, when tlie 
vibration directions of the grain and wedge, respectively, are opposed 
these concentric rings contract from the edge toward the center. 
Knowing the orientation of the grain as determined in convei^nt 
polarized light, the optical value of the vibration directions as found 
by the quartz wedge, then the optical character of the mineral is 
known. 

EXAMINATION OF HINEBAI.S IH CONVBBOEHT POLAAIZED LiaHT. 

Important means of identifying the soil minerals are the deter- 
mination of the crystallographie system together with the determina- 
tion of certain optical constants. Aside from the isometric system, 
these optical constants vary with the direction of the light in the 
mineral grain. It is therefore necessary to determine the orientation 
of the grain, to determine in what direction the light is transmitted, 
wid to correlate intelligently the phenomena observed. 

The orientation of the mineral grain is determined by the use' of 
convei^nt polarized light. In convergent polarized light inter- 
ference figures are obtained which distinguish uniaxial and biaxial 
crystals. The interference figures vary not only with the nature of 
the crystal but with the direction of the light in relation to the axes 
of optical elasticity. It is important therefore to correlate the 
phenomena observed in convei^nt polarized light with the axes of 
optical elasticity and with the crystallographie form. 
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I80TB0PIC MINERALS. 

Isotropic minerals behave in convergent polarized light as in 
parallel polarized light. No light passes when placed between 
crossed nicols. Uniaxial minerals, when light is being transmitted 
parallel to the optic axis, behave as isotropic substances in parallel 
light, but in convei^ent light they give interference figures. 

UNIAXIAL MINERALS. 

The interference figure obtained in uniaxial crystals when the 
light is transmitted paraMel to the optic axis, or when the direction 
of transmission is but slightly inclined to the optic axis, has been 
described on page 23. When the inclination of the optic axis to the 
section increases so that the emergence of the axis takes place outside 
of the field, then in a revolution of the stage there is seen only the 
interference bars moving broadside across the field parallel to the 
vibration planes of the nicols. The movement of the optic axis, 
though invisible, is in the.same direction as the revolution of the 
stage. The greater the inclination of the optic axis to the plane of 
the section, the less distinct the bar, also the less the birefringence 
of the mineral and the more indistinct the interference figure and bar. 

The interference figure obtained from the uniaxial mineral whon 
the light is transmitted nonndl to the optic axis has a rather mdistinct 
appearance. As the stage carrying the mineral is rotated, there are 
' certain positions in which two hyperbolas will flash into the field 
from opposite quadrants, arrange themselves cruciform, and then 
quickly disappear in adjacent quadrants. As the rotation of the 
stage is continued, presently the phenomena of the hyperbola are' 
repeated in the next quadrant. In a rotation of the stage through 
360°, these phenomena occur four times, with a duration in each 
quadrant amounting to about 10° rotation. 

Assuming that the progression of the hyperbola follows that of 
the rotation of the stage, namely, that the hyperbola appear in I 
and disappear from II, it b found empirically that the direction of 
the line separating the entering and departing hyperbola is the 
direction of the optic axis. 

BIAXIAL MINERALS. 

Theinterferencefiguresof biaxialminerals(Fig. 9) will depend upon 
the direction of the light transmitted through the mineral grain . There 
are four important dhw;tions in biaxial cryEtals in which charac- 
teristic interference figures are obtained, namely, when light is 
transmitted in the direction of (1 ) The acute bisectrix, (2) The obtuse 
bisectrix, (3) The optic normal, (4) The optic axis. 

If light is transmitted through a biaxial mineral in the direction of 
the acute bisectrix, and the stage be rotated to a position of exting- 
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tion in paraUet polarized light, then the interference figure obtained 
in convergent polarized light is a cross of two unequal dark brushes, 
parallel to the vibration planes of the nicols. Upon rotating the 
stage to the 45° position this cross dissolves into two hyperbola. 
The convexity of these depends upon the angle of the optic axes. The 
convex sides of the hyperbolas are toward the acute bisectrix. If 
the grain be thick or the birefringence high, about each of the axes 
there is a series of concentric rings variously colored in white light, 
or alternate white and black in monochromatic light. These rings, 
as they approach those of the other optic axis, form lemniacates. The 
dark brushes revolve about the optic axes in a direction opposite to 
that of the stage. The optic angle may be so lai^e that the optic 
axes will not emerge in the field, but nevertheless the brushes are 
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seen, except possibly in the 45° position, when the lemniscat^ only 
are visible. 

The interference figure obtained when light is transmitted through 
a mineral in the direction of the obtuse bisectrix is much the same as 
that obtained when light is transmitted in the direction of the acute 
bisectrix. With the obtuse bisectrix, however, the angle between 
the optic axes is so great th^t they emerge beyond the field, so that 
the hyperbola enter the field as a cross, wliich then opens, and they 
depart again. The amount of rotation of the stage necessary to, 
bring the hyperbola from the position tangent to the field to the cross 
is a measure of the optic angle of the mineral and is a means of dis- 
tinguishing the acute from the obtuse bisectrix and from the optic 
normal. The hyperbolas formed when the light is transmitted in 
the direction of the obtuse bisectrix are not as clearly defined as 
those formed when the light follows the acute bisectrix. 
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When the optic angle approaches 90° it is difficult to Aistinguiah 
the acute and obtuse bisectric^. The best means is to find the stage 
rotation necessary to bring the hyperbolas from the position where 
they are tangent to the field to that position in which they form a 
cross at the center of the field. This rotation will depend upon the 
microscope and the objectives used. For doubtful cases it is well to 
calibrate the microscope for the several objectives by determining 
the rotations corresponding to the optic angles of known mineral 
sections. The optic angle of the mineral under inspection is then 
determined graphically by interpolation of the rotation necessary to 
bring the hyperbolas from tangent to tlie field to the position of the 
cross.' 

The interference figure obtained in a biaxial mineral grain when 
the light is transmitted in the direction of the optic normal (that is, 
the axis of optical elasticity, which is nonual to the plane carrying 
the bisectrices of the optic axes) is similar to the one obtained from 
uniaxial grains where the light is transmitted normal to the optic 
axis. In a rotation of the stage of 10° or thereabouts, two hyper- 
bolas enter the field from opposite quadrants, form a very indistinct 
cross, and emerge in the adjacent quadrants. Assumii^ that the 
hyperbolas follow in the direction of rotation of tlie stage, it is found 
■ that the acute bisectrix lies in the direction of the line separating the 
entering and emeiging hyperbolas. It is not possible to distinguish, 
however, the interference figure from that obtained witli uniaxial 
crystals where the light is transmitted normal to the optic axis. 

The phenomena observed in biaxial crystals when light is trans- 
mitted in the direction of one of the optic axes has been described 
on page 24. The interference figure is a single eye through wliich a 
dark brush passes. When this brush is coincident with the vibration 
planes of the nicols it is a straight line; at the 45° position it is at 
the point of maximum curvature and forms a hyperbola, the convex 
side of which is toward the acute bisectrix. The convexity of this 
brush varies with the optic angle, and where tliis value approaches 
90° the brusli becomes a straight line revolving in the opposite 
direction to that of the stage. If the birefringence of the mineral 
grain is high or the grain thick, this eye will be surrounded by con- 
centric rings, variously colored in white light, alternate black and 
light in monochromatic light. 

OPTICAL OHABAOTEB. 

The selenite plate and quartz wedge are used in conjunction with 

the interference figure obtained in conveigent polarized light to 

determine the nature of birefringence. In general, where the bire- 

> See Wdght, Am. lout. 8d., 17, SSt (1SM>. 
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frmgence is low or the mineral grain very thin, as is the case with the 
silts, the selenite plate is the more valuable. Where the birefringence 
is high, or where the grain is thick enough to show "rings," the 
quartz wedge is more valuable. 

A selenite plate inserted in the 15° position will modify the uniaxiaJ 
interference figure in such a maimer that two opposite quadrants 
will be colored blue and the other .two opposite quadrants yellow. 
Where the vibration direction t of the selenite plate is at right aisles 
to the length of the plate, as is usual, the blue color will appear in 
minerals with positive birefringence in the upper right hand and the 
lower left hand quadrants (NE. and SW.); the yellow color will 
appear in the upper left hand and lower right hand (NW. and SE.). 
This color "reaction" is of great value, since it is not necessary that 
the axis emerge in the field if the bars of the interference figure are 
seen crossing the field. In this case the determination of the quad- 
rants is easy and therefore also the birefringence. 

With n^atively birefringent nunerals the converse is true, namely, 
that the yellow color occurs in the NE. and SW. quadrants and the 
blue color in the NW. and SE. quadrants. 

With minerals of high birefringence, where the interference figure 
is surrounded by rings, a quartz wedge is used. The orientation of 
the quartz wedge is such that the vibration direction t is parallel to 
the short side of the plate, and if the wedge is inserted at the 45° 
position, the rings of the interference figure contract in the case of 
minerals with positive birefringence in the NE. and SW. quadrants 
and expand in the NW. and SE. quadruits. In other words, with 
positive minerals the circles move toward the axis in the NE. and SW. 
quadrants and away from the axis in the NW. and SE. quadrants. 
hx the case of minerals with negative birefringence, the rings move 
toward the axis in the NW. and SE. quadrants and from tlie axis in 
the NE. and SW. quadrants. 

In case the optic axis emeigea outside of the field (as with a cleavage 
fragment of caicite), the orientation of the quadrants may be deter- 
mined by the curvature of the rings and the optical nature of the 
birefringence by the movements of the rings. 

In determining the nature of birefringence of iiaxial crj^tals from 
their interference figures, it is usual to rotate the stage to the 45° 
position (the position at which the hyperbolas are most widely 
separated) so that the vibration planes of the mineral grain and the 
accessory plate coincide. With the insertion of the plates or wedges 
the difference in interference figures due to the thinning and thicken- 
ing effect of the accessory plates are observed. 

The effect of the insertion of the selenite plate at the 45° position 
upon a biaxial interference figure, also at the 45" position, is quite 
sitmlar to that in the case of uniaxial figures. In the case of posi- 
tive biaxial minerals when the hyperbolas are in the NE. and SW. 
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quadrants, upoa inserting the selenite plate, the concave side of the 
hyperbola is colored blue and the convex side (toward acute bisectrix) 
yellow. If the hyperbolas are in the NW. and SB. quadrants, the 
concave side of the hyperbola is yellow and the convex side blue. 

In the case of amative minerals this color di^nostic is of the 
reverse nature; that is, the hyperbolas in the NE. and SW. quadrants 
are colored so that the concave side of the hyperbola is yellow and 
convex aide blue. When the hyperbolas are in the NW. and SE. 
quadrants the convex side is yellow and the concave blue. 

The same effect would be produced if the uniaxial interference 
cross dissolved and the adjacent sides of the cross united to form 
hyperbola. The hyperbolas would limit the color on their concave 
sides. The hyperbolas of biaxial interference figures are at their 
maximum curvature at the 45° position and the convex side is 
toward the acute bisectrix. Thus the position of the hyperbolas 
with respect to the four quadrants is readily found and the nature 
of the birefringence easily determined with the assistance of the 
selenite plate. Essentially the interference figure of a uniaxial 
mineral is a limiting case for that of a biaxial mineral, where the 
optic ai^le approaches zero. Recognition of this fact will greatly 
facilitate the practical use of the selenite plate and the quartz wedge 
as the phenomena of uniaxial and biaxial minerals grade into one 
another. 

The optical nature of the biaxial minerals whose interference 
figures show rings is determined with the quartz wedge. The stage 
is rotated until the figure is at the 45° position and the quartz wedge 
inserted. When the optic axes emei^e in the NE. and SW. quad- 
rants and the quartz wedge is inserted, in the case of positive minerals 
the rings expand from the optic axes, form lenmiscates, and continue 
to expand. With negative minerals this action is opposite, the 
lemniscates contracting to form circles and these ^ain contractii^ 
toward the optic axes. 

With the optic axes emerging in the NW. and SE. quadrants the 
phenomena observed is the reverse of the above. 

Where the acute bisectrix emerges outside of the field the orienta- 
tion is obtained from observation of the optic axial hyperbola, and 
the quartz wedge then used to determine the birefringence. 

ADJUSTMENT OF MICROSCOPE. 

Observation in convergent polarized light discloses the orienta- 
tion of the mineral grain. This observation is made with a high 
power objective, -J-inch or leas. The microscope is focused upon 
the grain and the condenser is raised to its highest point, almost 
touching the slide. The eyepiece is removed to observe the inter- 
ference figures. Before the eyepiece is removed the microscope b 
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adjusted so that the mineral grain will remain in the center of the 
field during a complete rotation of the stage. This is important for 
successfully procuring interference figures from minute grains. 
With the fine silt grains it is necessary to use a higher power objec- 
tive, -^inch or as high as iV-inch, with oil immersion, and here the 
centering of the stage is of utmost importance. In order that the 
interference figure may have a better or less obscure outline, it is 
advisable in all cases, and necessary in some, that a stop or screen be 
provided which will eflfectually exclude from the eye all rays except 
those which have gone through the mineral grain. This is accom- 
plished by placing on the top of the nucroscope a little disk, blackened, 
in which a minute hole is cut, so that only rays from the center of the 
field are seen. The small silt grains and most of the minerals less than 
0.05 mm. diameter do not show the concentric circles and lemniscates 
around the optical axes, only dark brushes appearing. 

ORIENTATION AND BIBEFRINOBNCB. 

The birefringence determined in parallel polarized light varies as 
has been pointed out above with direction of transmission of the 
light in the mineral. The orientation of the mineral is determined 
in convergent polarized light, and it is necessary, therefore, to corre- 
late birefringence which shall have a detenninative value, i. e., 
characterize the mineral. 

Suppose a birefringence of 0.005 is observed. Then if the mineral 
is positive, and the light is transmitted in the direction of the acute 
bisectrix, the light vibrations are in the directions of the axes of the 
optical ellipsoid, b and a, the index of vibrations of these rays are 
i9 and <r. Consequently, |i?-a=0.005. If, however, the light is 
transmitted in the direction of the obtuse bisectrix a then the vibra- 
tions are in the directions b and c, and ;--(5 = 0.005. 

Should the mineral be negative, and the light transmitted in the 
direction of the acute bisectrix a then the vibrations are in the direc- 
tions of b and t, and ;--^= 0.005. With a negative mineral and the 
light transmitted in the direction of bisectrix c the vibrations are in 
the directions b and a and p-a-^0.005. 

In either positive or negative minerals if light be transmitted in 
the direction of the optic normal h, the vibrations are in the directions 
of a and t and j~a = 0.005. 

ORIENTATION WITH A aUS8 BBHI8PBGRE. 

It is often desirable for determinative purposes to know the system 
in which a mineral or chemical salt crystallizes but where the sub- 
stance is in such small particles that convergent polarized light is 
inapplicable. This may be determined without the use of convei^nt 
polarized light by the use of a polarizing microscope, owing to the 
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difference in action of each of the crystal systems upon paralld 
polarized light. Use is made of a simple device, a halbkugel, first 
described by Schroeder van der £olk.' The JiaUikugel is a. glass 
hemisphere the flat surface of which is ground smooth." This halh- 
Jcugel is placed in position, round end down, in the opening in the 
center of the microscope stage. The mineral under examination is 
placed on the flat surface. With this simple instrument it is possible 
to rotate the mineral grain or crystal through three axes, and secure 
any desired orientation. 

To distinguish isotropic grains from uniaxial grains where the ligjit 
is transmitted parallel to the optic axis, it is only necessary to tilt the 
halbkugel and then to rotate the stage between crossed nicols. If tiie 
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FiQ. 10.— The ten Bletbaff leas. 

section is anisotropic, extinction phenomena are noted, as In regular 
anisotropic grains. To distinguish hexagonal, tetragonal, and ortho- 
rhombic crystals with parallel extinction from monoclinic minerals 
which show paraUel extinction sections in the zone of symmetry, the 
>^tage is rotated to extinction, then the halhkugel is tilted around the 
axis parallel to the elongation of the mineral. Monoclinic crystals 
will no longer show parallel extinction, because by tilting the grain 
the crystal is no longer in the plane of symmetry. 

To distinguish orthorhombic needles from hexagonal and tetrag- 
onal, the stage is rotated to the 45° position and the Judblcugd is 
tilted upon its axes. Change in the birefringence or in the optical 
character of the elongation will show the mineral to be orthorhombic. 
No change in birefringence or optical character of any direction with 

1 Zeit. tOr Krys., S», 401 (1898). 

• Tho author bia prepared a satJalactory "halbkugel" by grinding down the ball ol a deslccaior top. 
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tilting of the mineral will indicate either the tetragonal or hexagonal 
system. 

The development of the use of the glass hemisphere in orienting a 
mineral fragment under the microscope has led to the construction 
of other devices, such as the "univeraal-tisch." These have become 
extremely valuable in nuneralogical work, especially for researches 
upon such fragments as are found in the soil. But for most cases and 
where identification of the mineral species is the primary purpose, the 
glass hemisphere wUi prove quite as satisfactory and far easier to 
manipulate than the expensive and complicated devices necessary for 
quantitative measurements. 

The ten SiethofF lens is a hoSikugel combined with a condenser lens 
and so constructed that interference figures may be obtained in addi- 
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Flo. II.— Tlw Eeibeit 8i 

tion to the change in orientation accomplished by the rotation of the 
halbhigel. It sits in the aperture upon the center of the stage and 
has an advantage over the hdhkugel in that it can be used with h^h- 
power objectives, since the object on the Siethoff 1iaO>Jcugel may 
readily be centered by moving the condenser back and forth on the 
stage, limited, however, by the flange of the instrument. F^re 10 
is an illustration of a Siethoff lens. 

IMMERBION OILS. 
With the development of immersion methods, Thoulet solution of 
various concentrations has been used as an embedding material. 
This solution, however, has not been found useful for general applica- 
tion. Evaporation in the bottle and upon the slide causes great 
variations in the index so that it possesses UtUe advantage as an 
embedding material. An ideal embedding material would be non- 
volatile, colorless, and have little or no dispersion. Schroeder van 
der Kolk early employed oi^anic compounds, and from these, several 
of which belong to the etheral oils, a series of oils or embedding 
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. , i 
liquids of graded indices may be obtained. Some of these oils widl I 

their indices follow: 

Cedar oil 1.516 

Clove oil 1. 544 

Caflda oil ■. 1. 600 

MonocUorbenzene 1.527 

From these compounds e series of oils differing from each other by ; 
0.01 or 0.005 may be obtained. The oils are kept in dropping bottles | 
and are protected from light by painting the bottles with a mixture 
of lampblack and shellac in alcohol. This is necessary in order that 
the decomposition of the oils be prevented. The dropping bottles are 
covered with a glass shield, also painted black, or some similar device. 
The series of oil ipixtures are calibrated either on an Abbe refracto- 
meter, or above 1.7, by an Abbe crystal refractometer, A compact, 
efficient, and inexpensive refractometer for use in the determination 
of indices of refraction of both oil and minerals is that now made by 
T. H, Steward, of London, illustrated in figure 11. This instrument 
has a range of from 1,3 to 1,79, scale divisions to O.OI, which by esti- 
mation can be read to 0,002. It is advisable that the oils be checked 
every three or four months for deterioration and the index redeter- 
mined. Cassia oil decomposes readily, has a high dispersion, : 
fairly high colored. Methylene iodide oxidizes readily and iodine is 
set free. This may be removed by washing with caustic or by using 
pieces of metallic copper, which unite with the free iodine. In tables 
from Schroeder van der Eolk are given the indices of certain com- 
pounds. These values can not, however, be taken as absolute, for 
the indices vary with the purity of the material. The following is the 
list of oils prepared and found useful in soil work: 

Index Ni 
Cedar oil 1. 51 ■ 



Mixtures of clove and cedai oil.. 



Mixtures of clove and o 



1.60 

Mixtures of monochlorbenzene and monochlomaphtlialene ( 

Monochlomaphtlialene 1. 63 

( 1.64 
Mixturea of monochloniapbthalene and monobromnaphthaleae i j ^ 

Mixtures of monobronmapbthalene and methylene iodide 

Methylene iodide 
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As a general embedding medium in the soil work it will be found 
convenient to have an oil for the ordinary ray of quartz, as mentioned 
previously, with an index of 1.545; also one with an index of 1.525 
lor orthodase. 

OBSESVATIOKS ON THE laXSRAIMartOAL OOHPOSTFIOH OF SOILS. 

As an illustration of the application of the forgoing methods, the 
following mineralogical analyses are included. In the interpreta- 
tion of these analyses it must be borne in mind that they by no 
means represent the complete soQ, Only the sand and silt separates 
have been examined, the clay separate being discarded in each case. 
Often the clay is the predominant mechanical constituent, and in 
these cases possibly only the less dominant materials are recognized. 
Tlie clay separates are excluded because the exceedingly small size 
of the grains has so tar prohibited their satisfactory identification. 
Thus the analyses can not be considered as representative of the 
complete soil; but they do give a general idea of the soil constituents. 
It is extremely probable from a priori reasoning and chemical analy- 
ses that the clays are much richer mineralogicaJly than are the sepa- 
rates of larger dimensions. It is unthinkable that the clays should 
not contain all of the minerals that occur in lai^er sizes in the sand 
aad silt separates. Ordinary attrition would tend to break up and 
abrade these minerals, and the finer material would, of course, go 
into the clays. In addition to these, it is pretty well established that 
ordinary clays contain a high percentage of kaolin. Chemical 
analyses lead us to believe that clays are exceedingly rich in their 
component mineral species. 

Ten samples of each type were chosen to get a composite for exami- 
nation, in order that iocol characteristics might be avoiaed. These 
were all surface soils taken to a depth of 12 inches, and were chosen 
from the collection of the Bureau of Soib by Dr. Geoi^e N. Coffey, 
afield man of wide soil experience. The samples are from cultivated 
soils and include soils from (a) Arid regions, (b) Crystalline rocks 
of the Piedmont Plateau, (c) Sandstones and shales, (d) Limestones, 
(e) Atlantic Coastal Plains, (I) Glacial areas, and (g) Loessal areas. 

The mineral composition of the fine sand and silt of these soils is 
shown in Tables VI and VII; also the minerals which, because of 
their predominance, characterize the soil and those which Are less 
abundant or accessory. Any characteristic feature of the soil or its 
xniuerais is described under the heading "Remarks." 
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SOILS FROM ARID REOIONS.' 

The soils selected from the arid regions belong in the Fresno, 
Yakima, and the San Joaquin series. The Fresno soils are light 
gray in color and are formed from old alluvial fan deposits laid down 
on the floor of the great Interior Valley of California. The subsoil 
is separated from the soils by carbonate hardpan. The material ia 
mainly of granitic origin, but is in part derived from volcanic and 
sedimentary rocks. 

The Yakima series consist of ancient lake sedimenta, with an ad- 
mixture of volcanic dust or of materials from residual soib of fine 
texture. They have been derived mainly from basaltic, andesitic 
or granitic rocks, and occupy mountain footslopes, elevated plateaus, 
or rolling hills. A. thin layer of adobelike structure sometimes occurs 
in subsoils. 

The San Joaquin soils are red, frequently gravelly, consisting of 
well-worn quartzose material. They are underlain at a depth of 2 or 
3 feet by an iron hardpan. These soils are derived from deposits of 
Pleistocene age, occurring in the Interior Valley of California. 

SOILS lltOH CBTSTALLINB ROCKS OF THE PIEDMONT PLATEAU AND . 
APPALACHIAN MOUNTAINS. 

The Cecil series, the most important and widely distributed of ' 
the Piedmont Plateau, includes types with red to gray soils and red 
clay subsoils. They are of residual origin derived from the d^rada- I 
tion of igneous and metamorphic rocks which have weathered gen- I 
erally to great depths. 

The Chester series occurs only In the northern part of the Pied- j 
mont Plateau and the types differ from the Cecil in having yellow or 
only slightly reddish subsoils and gray or brown soils. They are much 
more micaceous and even more subject to erosion than the soils of i 
the Cecil series. 

The Iredell series are extensively developed in Virginia and Caro- ' 
lina, forming heavy soil t3rpes with a waxy impervious subsoil. They 
are derived from basic igneous and metamorphic rocks. I 

The Porters series includes certain residual soils of the Appalachian I 
Mountains derived from igneous and metamorphic rocks. They are 
analagous to those of the Cecil series, but are classed separately OD . 
account of their occurrence on mountain slopes. I 

SOILS DERIVED FROM SANDSTONES AND SHALES. 

The Penn series Includes types with purplish-red soils derived from i 

the weathering of red sandstones and shales of the Triasslc formation. ' 

The Dekalb series is derived from the disintegration of sandstones 
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and shales from Silurian to Carboniferous in age. These soils are 
generally not very productive. 

- The Morton series includes soils derived principally from tiie sand- 
stones and shales of the Laramie formation. The soUs are brown in 
color, owing to the accumulation of considerable organic matter. 
These soils are formed in a region of low rainfall. 

SOILS DERIVED FROM LIMESTONES. 

The soils of the Hagerstown series are derived mainly from pure 
massive limestone of Carabro-Silurian age. They occur in lowland 
areas and belts bordered by areas of more resistant sandstones and 
shales. 

The Clarkesville series is derived largely from the cherty limestones 
of tlie St. Louis group of the Lower Carboniferous. 

The Decatur soils have an agricultural value intermediate between 
the Hagerstown and the Clarksville series. They are reddish-brown 
to red soils with deep red subsoils. They are derived from rather 
pure hard limestones and occur mainly in the valleys of East Tennes- 
see and Alabama. 

ATLANTIC COASTAL PLAIN SOILS. 

Four series of soils occurring in the Atlantic Coastal Plains were 
examined. 

The Sassafras soils are yellowish brown in color and have been 
derived from marine and estuary deposits composed of material 
from the Piedmont Plateau and limestone valleys mingled with 
glacial material brought down by lai^e rivers. These types occur 
in distinct terraces from 10 to 250 feet above sea level in the Coastal 
Plain around Chesapeake Bay and northward. 

The Norfolk series consists of light^colored sandy soils with yellow 
or orange colored sand or sandy clay subsoils. It occurs in large 
areas in the South Atlantic Coastal Plain. 

The soils of the Greenville series are reddish brown in color, with 
rather deep red sandy clay subsoils. They occur in the inland part 
of the Coastal Plain and extend from South Carolina to Texas. They 
are good cotton soils. 

The soils of the Elkton series have light-gray to white surface soils 
and yellow subsoils. A gravelly subsoil 2J to 3 feet below Uie sur- 
face is usually saturated with water. They are closely related to the 
Sassafras soife from which they have been altered by alternate wet- 
ting and drying. 
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48 MICBOSCOPIC DETEBMINATION OF SOIL-FOEMING MINERALS, 
OLA.CIAL SOILS. 

The soils of the Voluaia series result from the feeble glaciatiou of 
the shales and sandstones of the Devonian and Upper Carboniferous 
rocks of eastern Ohio, southern New York, and northern Pennsyl- 
vania. The underlying shales and sandstones have given rise to a 
large proportion of the soil material, which has been modified to a 
varying degree by glacial material brought in from other regions. 
This type occupies rolling hills divided by deep valleyB. 

The Miami series is one of the most Important and widely dis- 
tributed soil series yet established. The types are characterized by 
light color of the surface soils. They are derived entirely from glacial 
material. 

The Carrington soils are sJlty in character, and when wet are more 
or less sticky and plastic. The series is glacial in origin. The soils 
are black, and the most extensive type is one of the best grain soils 
in the country. 

LOESSUL SOILS. 

The Marshall series includes the dark-cOlored upland loessial soils 
which cover the great prairie region of the Central West. They are 
distinguished from the Miami by the large quantity of organic matter 
in the Eurface soil. They are ranked among the best of our general 
farming soils. They are closely related to the Carrington soils. 

The soils of the Memphis series are brown to gray in color, usually 
silty in texture, and rest upon silty subsoils. They are derived from 
the deposit of loess which borders the Mississippi River south of tiie 
mouth of the Ohio, 

The soils of the Marion series occupy a large proportion of south- 
em Illinois and have a hard silty clay subsoil locally known as hard- 
pan. They are only moderately productive. 
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54 MICROSCOPIC DETERMINATION OP SOlL-PORMlNO MINERALS. 
DISCUSSION OF RESULTS. 

From the summary of the examination of these soils it will be seen 
that soils have a greater variety of minerals than found in ordinary 
igneous or metamorphic rocks. It is true that the samples examined 
were composite in nature, and one would therefore expect a more 
complex constitution than in case of a sample from a single boring. 
But experience has shown that this complexity of mineral composi- 
tion is a peculiarity of soils, and this character is believed to be due 
to their unconsQlidated nature which permits thorough mixing. 

The alkali feldspars are among the most abundant of the common 
rock-forming minerals found in soils. Orthoelase may be very much 
altered, as in soils derived from secondary rocks, or, on the other 
hand, quite fresh, as in soils of more recent origin, such as glacial 
types. Microcline occurs always in bright unaltered cleavage frag- 
ments which show no signs of chemical alteration. 'The persistence 
of microcline is noteworthy, as it occurs in the leached and water- 
worn sands comprising the Norfolk series of the Atlantic Coastal 
Plain. These soils are predominantly quartz with an admixture of 
microcline, zircon, tourmaline, rutile, and occasionally hornblende. 
Feldspar grains are frequently so deeply altered that only a mere 
shell or skeleton of the original mineral appears. The lai^er feldspar 
fragments found in the sand separates are purer than those occurring 
in the silt. In some samples the only trace of feldspar in the silt is in 
the so-called feldspar residues, short, needlelike particles that possess 
an index of refraction close to that of pyrophyllite. The feldspar 
content of the silt is much higher than that of the sand, but the silt 
particles are not as pure. Microcline occurs in the silt as fresh 
unaltered particles, too small at times to show the twinning bands. 
These particles, having the same index as orthoelase, are distinguished 
from the tatter by the high extinction angle (15°), measured from the 
traces of the cleavage which are nearly always present in microcline. 
In the same soils unaltered feldspar fragments will be found together 
with deeply altered grains. Upon investigating several of these soils 
it was found that this is due to local conditions where there has been 
an admixture of soils. In several Norfolk soils quantities of un- 
altered feldspar fragments were found mingled with others much 
altered. A granite exposure 12 miles away is supposed to have 
supplied the material. 

The intermixing of minerals is quite evident in glacial soil types, 
less so in other types, but is present to some extent in most soils. 
This admixture of grains may be due in part to the movement of the 
soil particles under the influence of frost or water circulation, the 
effect of which would be to raise particles of the subsoil or the partly 
decomposed rock mass. The acid members of the plagioclase series, 

U,y,l,....,CiOOQlC 



>MIHEBALOQICAL COUPOSinON OF SOILS. 55 

albjte and oligoclasej appear generally in rather fresh grains. The 
more basic members, however, are deeply altered, so much so that 
at times their identification has not been .possible. In the soil from 
arid r^ons the more basic members of the series are quite fresh, 
and frequently show traces of the banded or zonal development. 
Cleavage fragments of microcline showing only pericline twinning are 
similar in appearance to the more basic plagioclases, which possess 
broad twinning bands. Cleavage fragments of microcline showing 
only the pericline twinning are readily distinguished from plagioclase, 
which possess broad twinning bands by the combination of low 
index with higher extinction angle (15°) of these twins and the trace 
of the (001) cleavage normal to the twinning lines, also by the freeh 
appearance of the inicrocline. 

The predominance of hornblende and epidote as soil minerals 
is evident from the summary of the examinations. These minerals 
have been found in practically all soils and in abundant quantities. 
They are found in both the sand and silt separates, being particularly 
abundant in the former. Hornblende at times shows a tendency to 
alter into chlorite. Epidote, however, generally exists in bright 
yellow grains showing little or no chemical alteration. Yellow 
spores at times occur in soils, and because of their relief (due to low 
index) have a somewhat similar appearance to epidote. These can 
be distinguished easily by the Schroeder Van der Kolk method. The 
micas are persistent minerals in soils and show but little evidence of 
alteration, a "fraying" of the edges at times being quite character- 
istic. If alteration of the micas has taken place it has not influenced 
their optical properties. It would appear that micas are the most 
stable of the potash minerals found in soils, excepting microcline. 
This observation is in line with the experiments of Johnstone, who 
found very little alteration of the micas after a year's suspension in 
carbonated water.' 

Tourmaline, rutile, and zircon are practically always present in 
minute quantities in soils, as the concentrates from rock degradation. 
These are hard insoluble minerals and resist the forces of chemical 
and physical disintegration. They occur more often as crystals with 
prismatic elongation, sometimes with edges quite rounded, as in the 
Norfolk soils. Kutile and zircon are found principally jn acid 
igneous rocks, and from their presence in most soils it would appar- 
ently indicate that these soils had been derived in part at least from 
these rock types, indicating thereby the mixing of soil materials. 

Apatite has been identified in one-half of the soils examined, 
being invariably the fluor-apatite (index = 1.63). This is a striking 
fact, indicating that this mineral is much more resistant to chemical 
solution than its chlor analogue. 
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56 MICBOSCOPIC DETBBMINATION OF SOIL-POBMINO MINEBALS. 

Garnet has been identified in 10 samples, usually in rounded 
grains of a light^pink color and high index. In the silt particles the 
color ia entirely lacking. It seems to be a fairly resistant mineral, 
occurring both in the sand and silt separates as clear gruns. It is 
found as a characteristic feature of two of the glacial soils and as an 
accessory mineral in soils from the Piedmont section and in some of 
the aoilB of the Atlantic Coastal Plain. It will be'remembered that 
garnets are found in the Precambrian schists, which make up a great 
portion of the rocks of the Piedmont section, from which some of 
these soils have been derived. 

Pyroxene does not appear frequently as a soil-forming mineral. 
Considering its importance and abundance in igneous rocks it is 
rather an exceptional mineral in soils. Its place is more or less taken 
by epidote and hornblende, into which it alters, as is shown in petro- 
grapfaic examination. Augite is abundant in the Yakima and the 
Iredell soils, soils which have been derived from haaic pyroxene 
rocks. 

Chlorite is a constant soil-forming mineral. It seems to be the 
final alteration product of the ferromagnesian minerals, with iron 
set free as oxide and the magnesium with silica and alumina forming 
chlorites. 

Tim iron ores, magnetite and ilmenite, occur in subordinate amounts 
in a few soils. Magnetite seems to alter to the hydrated sesquioxide 
of iron. This alteration appears to be influenced by slight differ- 
ences in chemical composition. The magnetic particles may be 
deeply covered with the red iron oxide and, at times, do not even 
show a black center of unaltered magnetite. In the same soil black 
magnetic particles will occur with not even a trace of the red oxide on 
the suriace. A chemical examination of these particles on account 
of the very small quantity available was not entirely satisfactory in 
explaining these differences. The red magnetic particles were found 
to contain 3 per cent mf^esium oxide. 

Calcite has not been found to any extent in soils of the provinces 
of free rainfall. It sometimes is present inclosed in quartz crystals 
and at times in arid regions inclosed in gypsum. Even the surface 
soils of the series derived from limestones are practically free from 
calcite. This no doubt is due to the effect of the decomposii^ oi^ 
ganic matter producing carbon dioxide, which has been active in 
leaching the calcite from the soil. 

Quartz is the most abundant of the soil-forming minerals. It con- 
stitutes up to 99 p^ cent or more of some sandy soils; the silt sepa- 
rate is also predominantly quartz. In some soils there is evidence 
that the quartz particles have been enlarged secondarily, and these 
grains carry inclusions of clay and iron oxide. These grains are gen- 
erally seen in soils derived from sedimentary rocks. The primary 
character of quartz particles is recognized in the Norfolk and Sassafras 
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soils. The grains here are generally clear and transparent and fre- 
quently carry inclusions of apatite, rutile, zircon, and other minerals, 
also of gas vesicles and in a few cases of liquid bubbles. 

The undulatory extinction of minerals which have been under 
strain is preserved in many of the quartz grains in the soil. These 
grains are generally from metamorphic rocks and their origin or modi- 
fication is indicated by their undulatory extinction, also by the 
stretched appearances first noted by Sorby. The physical appear- 
mce of the quartz particles has a certain diagnostic value in ascer- 
taining the geolc^cal forces which have been active in the formation 
of the soil. The well-rounded quartz grain su^ests a rolling about 
as unconsolidated material exposed to disintegrating geological forces 
under whose influence many of the other minerals have disappeared. 
Fresh angular grains, on the other hand, suggest material of more 
recent origin from igneous or metamorphic rocks or material which 
has not been transported. 

Soils which have previously existed as swamp or as the beds of 
ponds or lakes contain siliceous remains of sponges and other low 
orders of plant life. These are the so-called phytolitharien of Stein- 
riede. These siliceous spicules may be easily mistaken for fluorite 
on account of their low index of refraction (opal). The presence of 
this phytolitharien is indicative of low swampy grounds or ponds. 
Such conditions have evidently existed in the case of the Elkton soils 
and has resulted in the changing of material similar to the Sassafras 
soils over into soils of much lower mineral content and lower agri- 
cultural value. The effect of this swampy condition and of the alter- 
nate wetting and drying has been to dissolve the minerals. In a few 
soils from Qeorgia and other Southern States the accumulation of 
sponge spicules is enough to cause injury to the feet of laborers and 
work stock. 

From the mineralogical composition of soils it would seem that the 
processes of soil and rock weathering tend to leach out the alkalies 
and the alkah earths, to separate iron as oxide, and to form quartz 
and insoluble magnesium and aluminum silicates. The organic mat- 
ter of the sod assists in the reduction of the iron oxide formed, thereby 
favoring its transportation in the soil water which is more or less 
charged with carbon dioxide. 

In these examinations kaolinite and limonite, the common products 
of mineral decay, are not listed. These minerals, on account of their 
fine division are carried into the clay separate in the mechanical prepa- 
ration necessary to this method of examination. They make up the 
greater portion of the clay separates, the relative proportion of the 
two varying. 

The mineralc^cal composition of soils is found to vary with the 
physiographic r^on in which they occur. Thus the percentage of 
tniaerals other than quartz in the soils from the semiarid regions of Uie 
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West is found to be quite high and the minerals generally appear as 
well preserved grains. They show evidence of mechanical attrition 
but the chemical decomposition has not affected the minerals to 
any extent. The percentage of minerals other than quartz in 
the soils of the Atlantic Coastal Plain varies somewhat. These soils 
are from the reworked material of the Piedmont Plateau and are much 
poorer in mineral content than the soils from the latter province, 
except in the case of the Sassafras soils, which occupy the northern- 
most part ai the Coastal Plain, and which probably contain admix- 
tures of glacial material brought down by the rivers which traverae this 
area. The Elkton soils have been derived from the same material 
as the Sassafras, but have been much modified by lying in low places 
exposed to swampy conditions. . The mineral content of th^e soils 
has been lowered; their productivityisalao muchlowerthanthat of the 
Sassafras series. The soils of the Piedmont Province have been de- 
rived from igneous and metamorphic rocks and have a higher content 
of minerals than the soils of the Coastal Plain. The high content 
of muscovite and biotite and the presence of garnet and sillimanite 
in these soils is noteworthy. These minerals are developed in meta- 
morphic rocks and their presence in soil is indicative of the or^in of 
the soil material. These soils lie in a region of relatively heavy rain- 
fall and their content of minerals, other than quartz, is not nearly so 
large as in case of soils in less humid regions. The Porters series is an 
Appalachian Province aeries and shows a greater content of minerals, 
with angular grains and little chemical alteration, than the Piedmont 
series. The Porters is the Appalachian counterpart of the Cecil in 
source of material and such differences as occur are due entirely to 
differences in physiographic position, the Porters series lying at higher 
elevations in the mountains. In case of the Chester soils it is proba- 
ble that the magnetite-carryii^ rutile crystals are derived from the 
Chickie quartzite, the Cambrian sandstone of the Piedmont Plateau. 
This formation contains a hard, black ilmenite, so-called. The author 
has examined this ilmenite independently at the suggestion of Prof. 
Withrow, of Ohio State University, and finds that it contains abundant 
inclusions of rutile crystals, some twinned. These crj^tab range from 
the tiniest needles to grains 0.1 millimeter in length. The black 
mineral is probably hematite. The Iredell soils are derived from 
basic igneous rocks, which fact is revealed by the high content ot 
ferric minerals. 

Soils derived from sandstones and shales show especially the effect 
of climatic conditions. Those from regions of high rainfall, the Perm 
and the Dekalb soils, have a low percentage of minerals other than 
quartz. The minerals themselves are deeply altered. On the other 
hand, soils derived from sandstones and shales in regions of low rain- 
fall, as the Morton and Summit series, have a much higher mineral 
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content and the minerals are much less altered. The minerals of the 
Summit soils are better preserved than those of the Morton but the 
quartz grains of the latter are well rounded, indicating a rolling 
about as unconsolidated material exposed to geological ^encies. 

Soils derived from limestones show a rather low content of min- 
erals other than quartz in the sand and silt separates. These soils 
are characterized by the presence of quartz crystals with pyramidal 
termination, often carrying calcite inclusions. They probably have 
been formed in cavities or cracks in the original limestone. The 
other minerals are rather deeply altered and their nature suggests 
the admixture of other soils or rock material. Feldspars have been 
found in crystalline limestones, but it is not likely that the feldspars 
in these soib were native to the limestone. Limestone soils generally 
occupy valleys and are favorably situated for the acciunulation, by 
wash, of materials derived from other rocks. 

The glacial and loessial soils are heterogeneous mixtures of varying 
mineral composition. Differences in the shape of the quartz grains 
and in the condition of alteration of the feldspar particles indicate 
a mixing of material of diverse origin. The mineral content is fairly 
varied, but in the case of the loessial soils the minerals are deeply 
altered. A coating of calcium carbonate is sometimes found on par- 
ticles in loessial soils, though not in any of the series examined, A 
similar coating has been observed on wind-blown materials. 

DESOBIFTION OF SOIL-TOBMINa mNEBALS. 
FELDSPARS. 

The Feldspars, the most important rock-forining minerals, are very 
abundant and widely distributed. They are the basis for the classi- 
fication of igneous rocks and have a very important bearing upon 
soil mineralogy. 

The feldspars are characterized by two highly developed cleavages, 
one parallel to the face (001) and the other to the face (010). 

Chemically they are alumino-silicates of potash, soda, and lime, 
more rarely of barium. This chemical composition of the feldspars 
permits a ready separation of the group into the potash feldspars 
and the plagioclases or lime-soda feldspars. The potash feldspars 
are divided into the monoclinic variety orthoclase, chemical formula 
KAlSijOg and the tridinic potash feldspar, microcline. The latter dif- 
fers m^aacopicatiy from orthoclase in that the angle between the 
direction ia 89° 30' instead of 90° in the monoclinic minerals. 

Orthoclase is the feldspar which forma the predominant mineral 
in granites and their effusive equivalents. It appears in rocks fre- 
quently twiimed after the Carlsbad law. This twining is occasion- 
ally seen in soil grains. It is easily recognized between crossed 
nicols and also by the different orientation of the two individuals, 
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which is revealed by the use of a selenlte plate. The extinction on 
the face (001) is parallel and on the face (010) equals 5°-6°. 

Orthoclase may be recognized by the peculiar alteration product 
formed from it. 

Microcline is a very persistant- mineral in soils. It is character- 
ized by polysynthetic tvinning after the albite and pericline lav. 
The albite twinning face is parallel to (010) and the pericline twinning 
occurs in the zone parallel to the (100). The (001) cleavage face 
shows the peculiar lattice work or plaid effect (between crossed nicols) 
showing both the albite and pericline twinning. The extinction 
angle of these twins = 15.5°. The (010) face shows only the pericline 
twinning which is almost normal to the trace of 001 cleav^e and has 
positive elongation. 

Microcline occurs in granites, gneisses and certain metamorphic 
rocks. It is readily distinguished — on (010) face — from plagio- 
clases by low indices and high extinction angle, abo by the absence 
of alteration in the former. Microcline on the (010) face shows well- 
developed cleavage normal to the twinning plane, distinguishing it 
from plagioclase, whose cleavage direction on (001) face is parallel to 
twinning plane. Microcline on (010) face shows pericline twinning 
and may be confused with acid plagioclase showing albite twinning. 

The plagioclases or soda calcic feldspars vary in chemical compo- 
sition from a pure soda feldspar albite NaAlSigOgto the pure or nearly 
pure calcic feldspar, Anorthite. CaAliSijOj, the chemical composi- 
tion of the plagioclase separating from the molten magma varies as 
the composition of the magma varied. In certain crystals of plagio- 
clase in rocks there was a change in composition as the crystal grew, 
owing to changes in concentration of the magma. 

These changes in composition may be clearly seen to be progre^ve 
changes by observation in polarized light. The minerals have grown 
by adding shell after shell of different chemical composition. 

In general then the composition of the feldspars composing igneous 
rocks will vary. In the nature of the case the igneous rocks rich in 
silica will be composed of the series near albite. With a difference 
in chemical composition the plagioclases offer differences in physical 
properties, particularly optical properties. There have been desig- 
nated the following members of the plagioclase group: Albite, oligo- 
clase, andesine, labradorite,bytownite, and anorthite. 

Aa the series decreases in silica content the resistance of these 
minerals to the atmospheric agencies of weathering also decreases. 
In fact, albite is a secondary mineral and is formed in nature by 
weathering. 

The plagioclases are characterized by polysynthetic twinning after 
the Albite law. This twinning is shown on the cleavage face (001) 
and in the zone of symmetry. The extinction of these twins on the 
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(001) face ia shown in Table YUI; also the variation in the indices 
of refraction. 

The extinction of the twins, however, in the zone parallel to the 
face (010) varies so that unless the feldspar is a cleavage fragment 
it may be unsafe to use the extinction angle of the albite twins as a 
diagnostic. The variation in the extinction angle of the series 
between Ab and Ab, An, is very httle. The larger extinction angles 
in this zone are characteristic of plagioclases more basic than ande- 
sine. In general, the wider the individ- 
uals, the more basic the plagioclase. Fine 
twuming is more apt to be present in the 
acid series. 

The orientation of the plagioclasea varies 
as shown by the extinction angles on the 
faces (001) and (010), from the trace of the 
other cleavages. The (010) face at times 
shows pericUne twinning (very fine lines), 
also a parting parallel to the face (001).' 

The change in index of refraction of the 
feldspars with the change in chemical com- 
position furnishes the soil miuOTalogist with 
a much easier and more certain method of ^"^ 
identification than that afforded by the use of extinction an^es. 
For identification of the feldspars by differences in extinction of the 
Carlsbad and albite twins and for other means of distinguishing this 
important group of minerals the student is referred to Rosenbmch 
Iddings, Johannsen, or Winchell. 
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OPAQUE MINEBALS. 
Magnetite. — M^netite crystallizes in the isometric system. The 
common form is the octahedron, occasionally the dodecahedron; also 
mf^ve with laminated structure, granular, impalpable. Fracture 

< Bittnctloii allies an measured as posltfva or negatlva Icom a crfalallographk directkm ta the vibration 
I^Bin of the mineral 19 after or beftne the crystallt^raphkdlrectioD. Wltliplaglocte» br «iamplea>i-3l) 
A— 30*,BadaUeitlnctkaiaiit[tesu«iiWMUiedfr(Hatliasll4>9DldslBd>. (SeeBg-13.) 
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62 MICROSCOPIC DETERMINATION OF SOIL-FORMING MINERALS. 

subconchoidal to uneven. Brittle; H. = 5.5-6,5; G = 5.168-5.18, 
Strongly m^netic, which characteristic affords a method of separat- 
ing the magnetite from other grains with which it may be associated. 

Magnetite is an iron ferrate, FejO, or FeOFe,0,. The terrons iron 
is sometimes replaced by magnesium and more rarely by nickel. 
Occasionally it is titaniferous. Before the blowpipe it is difficultly 
fusible. In the oxidizing ilfune it loses ita influence on the magnet. 
It is soluble in hydrochloric acid. 

Magnetite is opaque, except in the case of very thin plates included 
in mica. Thin plates are pale brown to black in transmitted light. 
Streak, black; luster, metallic and splendent to submetaUic and 
duU. 

M^netite resembles hematite, ilmenite, chromite, and grapbit«. 
It may very readily be distinguished from these by its strong mag- 
netism and solubility in acids. 

Rmenite (meJMiccani(e) .—Ilmenite cr^tallizes in the rhombo- 
hedral division of the hexagonal system. The crystals are usually 
thick tabular and acute rhombohedral. Often in thin plates. Also 
massive, compact, and granular. Fracture conchoidal. H—5-6; 
= 4.5-5. 

FeTiO, or (FeTi),03. Magnesium replacing the ferrous iron ia 
sometimes present. Slowly dissolves in hydrochloric acid. Infusible 
in the oxidizing flame, but slightly rounded on the edges in the 
reducing flame. 

This mineral is opaque, except in the case of very thin flakes and 
microscopic crystals. In the opaque crystals the color is iron black; 
in very thin flakes, clove-brown. Streak, black, brownish-red. 
Luster, metallic to submetaUic. 

Ilmenite resembles hematite and magnetite. These minerals can 
not always be distinguished. Ilmenite is very resistant to acids and 
is of a different color from hematite. It is of very much weaker 
m^netism than magnetite. 

GrapAite.— Graphite crystallizes in the rhombohedral system. It 
sometimes ia found in 6-sided tabular crystals, but in its more usual 
form it occurs as irregular flakes. The cleavage is perfect, parallel 
to the base, OccasionaUy it is found in granular, compact, or 
earthy forms, H=l-2; G«2.09-2.23. Color is mm black to dwk 
steel gray. 

Graphite is carbon, C, but it generally contains iron sesquioxide and 
clay impurities, besides other substances. It is infusible, but bums 
at a high temperature. It is unaltered by acids. 

Graphite is opaque in even the thinnest flakes. The color is iron 
black to steel gray, and the luster metallic, dull, or earthy. 

Graphite resembles the mineral molybdenite closely. From this 
it can be distinguished by the fact that molybdenite gives a sulphur 
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reaction. M^;iietite is much harder and does not resist the attack 
of acids. 

OhromUe. — Chromite crystallizes in the isometric system, usually 
in octahedrons. It is also found in massive, granular, and compact 
states. H = 5.5; = 4.32-4.57. Sometimes it is feebly magnetic. 

Chromite is an iron chromate, FeOjO^. Magnesium sometimes 
replaces part of the iron. Aluminum and ferric iron replace part of 
the chromium. It is not acted upon by acids. 

Chromite is translucent to opaque. The color ranges between iron 
black and brownish black. Very thin flakes are brown, reddish 
brown, and yellowish red. The index of refraction = 2.0965. The 
luster is submetaJlic to metallic. 

Pyrite. — Pyrite crystallizes in the isometric system, usually in the 
form of pyritohedrons. Cubes and octahedrons are also foimd. It 
is also found in massive and granular fonns. The fracture is uneven 
to conchoidal. H = 6.65; = 4.95 — 5.10. The streak is greenish 
black to brownish black. 

Pyrite is an iron disulphide, FeSj. Copper, nickel, cobalt, and 
thallium occasionally replace part of the iron. Oold is sometimes 
found distributed through the mineral. On burning, it gives the 
characteristic sulphur odor. Nitric aci<l decomposes it, but it is 
insoluble in hydrochloric acid. 

Pyrite is opaque. The color is a pale brass yellow. The luster is 
metallic. 

Pyrite resembles chalcopyrite, but lacks the darker color and more 
brasslike appearance of the latter mineral. It is distinguished from 
pyrrhotite by the lighter color and lack of magnetic properties, as 
weU as by its behavior toward acids. 

Hematite. — ^Hematite crystallizes in the rhombohedral system. 
The fracture is uneven to subconchoidal. The compact forms are 
brittle, but thin laminae are elastic. H'=5.5 — 6,5; = 4.9-5.3. 
Sometime it is feebly magnetic. There are several varieties of 
hematite, as follows: Specular or micaceous hematite; compact hema- 
tite; red ocherous hematite, which are more or less earthy; sand, clay, 
ironstone, etc. 

Hematite is an iron sesquioxide, Fe,0a. Titanium and magnesium 
are sometimes present. It is soluble in concentrated hydrochloric 
acid. 

Hematite has a luster metallic, splendent, and sometimes dull. 
The color varies from a dark steel gray to an iron black. In the 
case of very thin flakes, when light can be transmitted, it is blood 
red. The streak is cherry red or reddish brown. Except in very 
thin laminffi, it is opaque. It is uniaxial and optic^ly negative { — ). 
The index of refraction varies from 2.94 to 3.22. It is pleochroic in 
sections perpendicular to the base. It can be distinguished from 
Umonite by its deeper color and crystallization. 
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Limoniie. — Limonite is an amorphous substance. It occurs usu- , 
ally as a coating on the soil grains. H = 5 — 5.5; G— 3.6 — 4, 

Limonite is hydrated iron oxide, 2Fe,Og,3H30. The common 
impurities are sand, clay, phosphates, manganese oxides, and oi^aniQ 
matter. On heating in a closed tube it gives off water and is con- 
verted into red iron sesquioxide. It is soluble in hydrochloric acid. 

Limonite is opaque and has a silky or submetallic, or sometimes 
dull, earthy luster. The color is various shades of dark brown, some- 
times black. The earthy varieties are brownish yellow and ocherous 
yellow. The streak is yellowish brown, 

ISOTROPIC MINERALS. 

Fluorite. — Fluorite crystallizes in the isometric system. The form | 
is usually cubic, but sometimes octahedral. It is also occasionally : 
massive or granidar. The fracture is fiat — conchoidal and splintery. : 
Cleavage ia octahedral, brittle. H = 4 ; G = 3.01 - 3.25. | 

Fluorite is a calcium fluoride, CaF,. On heating, it phosphoreBcee ' 
and decrepitates. It gives the ordinary calcium flame reaction (red). : 

The luster is vitreous. The color ranges through white, yellow, : 
greeu, rose red, crimson red, violet blue, sky blue, brown, wine yellow, : 
and greenish blue. The streak is white. The mineral is usually . 
isotropic, but may be doubly refracting. The index of refraction 
varies from 1.4336 to 1.4343. It resembles opal, analcite, and soda- 
lite. Its cleavage distinguishes it from analcite and sodalite. 

Opal. — Opal is an amphorous substance. It is generally massive. ! 
H = 5.5 -6.5 J G= 1.9-2.3. The fracture is conchoidal. 

Opal is silicon dioxide, silica, SiO,, plus varying amounts of water, i 
The water varies from approximately 2 to 13 per cent. The impuri- i 
ties consist of quartz, ferric oxide, alumina, lime, magnesia, and i 
alkalies. There are very many varieties of opal, which for soil pur- : 
poses may be ignored. Heated, it yields water. It is infusible. Is 
soluble in hydrofluoric acid and the caustic alkalies. 

The luster is vitreous, subvitreous, resiuous, and pearly. The ^ 
color is white, yellow, red, brown, green, gray, pale blue. TTie min- 
eral, especially in the precious varieties, often shows a rich play of 
colors in refracted and reflected light. The streak is white. It is 
transparent to nearly opaque. It often shows double refraction due 
to strains. MammiUary forms, hyalite, often show uniaxial int«^ 
ference figures of a n^ative character, indicating a shrinkage and 
radial compression. The index of refraction varies from 1.368 to 
1.458. 

Opal resembles leucite and sodalite. It can be distinguished from 
these minerals by its lower refraction. 

Sodalite. — Sodalite crystallizes in the isometric system. The com- 
mon form is the rhombic dodecahedron. It also occurs in massive ! 
fiQ_d granular forma, and in concentric nodules. The cleavage is [ 
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dodecahedral. The fracture is conchoidal to uneven. H = 5.o — 6; 
G = 2.14-2.3. 

Sodalite is Na4(AlCl)AljSiaOi,. Potassium sometimes replaces 
part of the sodium. It fuses with intumescence to a colorless gloss. 
Hydrochloric acid decomposes it with the separation of gelatinous 
silica. 

The luster is vitreous or greasy. The color is blue, gray, greenish, 
yellowish, white, lavender, and light red. The mineral is transparent 
to translucent. The streak ia uncolored. The index of refraction 
varies little from 1.48. The presence of inclusions sometimes gives 
rise to a faint double refraction. 

Sodalite resembles closely the other members of the sodalite group. 
These can not well be differentiated except chemically. The presence 
of chlorine distinguishes sodalite from these other minerals. To test 
for chlorine, expose the mineral to nitric acid containing silver 
nitrate. The -surface will become clouded with silver chloride if any 
chlorine is present. 

AnaicUe. — ^Analcite crystallizee in the isometric system, usually in 
trapezohedrons. It also occurs as cubes, massive, granular, and con- 
centric structures. The cleavage is cubic. The fracture is aubcon- 
choidal. H = 5-5.6; = 2.22-2.29. 

Analcite is anhydrous metasilicate of sodium and aluminurn, 
NaAlSijOj + HjO. It yields water in the closed tube. It fuses to a 
c<dorie83 glass and gelatinizes in hydrochloric acid. 

The luster is vitreous. The color ia white, grayish, greenish, yel- 
lowish, reddish white, and colorless. Analcite is transparent to 
nearly opaque. Owing probably to loss of water it sometimes shows 
weak double refraction. The index of refraction is 1.4874. 

Analcite resembles closely the colorless sodalites, leucite, opal, and 
colorless rock glass. It has a lower refraction than the glasses. Its 
cleavage, when present, distinguishes it from opal and leucite. From 
sodalite it may be distinguished by the presence or absence of chlorine 
as given under sodalite. Hauynite and noselite contain sulphur while 
analcite does not. To test for sulphur, subject the crystal to the 
action of hydrochloric acid in which a little barium chloride is dis- 
solved. If sulphur is present barium sulphate will be precipitated. 

iVo«eKfe,— Noselite crystallizes in the isometric system, in dodeca- 
hedral and granular massive forms. 

Noselite is Na,(NaSO^)AljSiaO,2. It is isomorpkiyus with hauy- 
nite, and these two minerab grade imperceptibly into each other. 
They are also very much alike physically, and sometimes they can 
not well be differentiated. With hydrochloric acid noselite gelatini- 
zes. The color is sky blue, gray, brownish, red, yellow, green, or 
colorless. It is usu^y either blue or colorless. The presence of 
67062'— Bull. 91—13 5 
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inclusions sometimes makes the mineral nearly opaque. It is iso- 
tropic, but occasionally shows weak double refraction. The index of 
jefraction is 1.4961. 

Noselite can be distinguished from hauynite by the presence of 
calcium in the former. To test for calcium, decompose the mineral 
with hydrochloric acid. Allow the gelatinous silica to dry. If 
calcium is present, crystals of gypsum (CaS0(2H,O) will form. 

Hauynite. — Hauynite cryst^izes in the isometric system. It 
occurs in dodecahedrons, octaliedrons, and rounded grains. The 
cleaTe^e is dodecahedral. The fracture is uneven to flat conchoidal. 
H = 5.5-6; = 2.4-2.5. 

Hauynite is NajCa(N'aS04Ai)Al,Si,0,,. Potassium may be present. 
What was said above under noselite, of course applies here as to the 
chemical composition. Noselite is decomposed by hydrochloric acid 
and gelatinous silica separates out. 

The luster is vitreous or greasy. The color is bright blue, sky blue, 
greenish blue, asparagus green, yellow, and colorless. The streak is 
slightly blue to colorless. The mineral is subtransparent to trans- ; 
lucent. It is isotropic, but occasionally shows weak double refraction. 
The index of refraction is 1.4961. 

For method of distinguisjiing hauynite from noselite, see under 
noselite. 

Leucite. — ^At 500° leucite crystallizes in the isometric system. 
Under ordinary conditions of temperature it is pseudo-isometric. 
The usual form is the icositetrahedron. It is also found in di^emi- 
nated grains and rarely as massive granular. The cleavage is very 
imperfect. Fracture is conchoidal, H = 5.5 - 6 ; G « 2.45 - 2.50. The 
twining is gener^y lamellar polysynthetic. 

Leucite is a metasilicate of fduminium and potassium, KAl(SiO,),. 
Occasionally small quantities of sodium are present. In addition to 
sodium, traces of lithium, rubidium, and caesium have been detected. 
It is infusible. Hydrochloric acid decomposes it without gelatiniza- 
tion. Leucite is not a very stable mineral. 

Above 500° leucite is isotropic. Thin sections of small crystab 
are isotropic at ordinary temperatures. Crystals of lai^er size show 
weak double refraction of a faint bluish gray. The luster is vitreous. 
The color is white, ash-gray, and amoke-gray. The streak is uncolored. 
Translucent to opaque. The index of refraction is near 1.508. 

Leucite resembles most closely sodalite and analcite; but its index 
of refraction is higher than the index of either of these minerals. 

SpiTiel. — The term spinel is used both to designate a group of 
minerals to which some 20 varieties belong, among them magnetite, 
chiomite, etc., and to designate a particular mineral of this group. 
The name here is used in tliia latter sense. 

Spinel crystallizes in the isometric system. The usual form is the 
octahedron, occasionally modified by the dodecahedron. It is also 
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found as angular and subangular crystals and more rarely as cubes. 
The cleav^e 13 ratlier imperfect. The fracture is conchoidal, H = 8; 
= 3.5-4.1. 

Spinel is a m^nesium aluminate, MgAlfi,. Ferrous iron and 
manganese may partly replace the magnesium; and ferric iron and 
chromium may replace more or less the aluminum. It is infusible. 
Heating changes the red variety to brown, and on cooling it becomes 
green, then almost colorless, and finally reauraea the true color. 
Concentrated sulphuric acid dissolves it with difficulty. 

Spinel is transparent to nearly opaque. The luster is vitreous, 
splendent, and dull. The color is red, blue, green, yellow, brown, 
black, and sometimes almost white. The streak is white. The index 
of refraction high, varying from 1.7121 to 1.7261. In red light it is 
phosphorescent. 

Spinel, including its subvarieties, ceylonite, chlorospinel, and 
picotite, closely resembles chromite from which it can be distiugubhed 
only by its hardness, specific gravity, and chemical composition. 
Spinel proper also resembles some of the garnets. The test for silicon 
or the difference in specific gravity serves to distinguish the two 
miner^. 



The Garnet group contains several well-marked varieties. Only 
the following will be considered here: Grossularite, spessartite, 
almaudite, and pyrope. 

(?r(»8*MZa7T(e. ^jrossularite, in common with the other members 
of the garnet group, crystallizes in the isometric system. The 
dodecahedron and tetragonal trisoctahedron are the most common 
forms. It also occurs in grains, massive, granular, and compact 
forms. The fracture is uneven to subconchoidal. H = 6.5-7.5; 
= 3.15^.3. 

Grossularite is a calcium aluminum silicate, Ca3Al2(Si04)j. It 
fuses rather easily. After ignition it is decomposed by hydrochloric 
acid. Fusion with alkalme carbonates decomposes it. lite luster 
is vitreous to resinous. The color is white, pale green, amber yellow, 
honey yellow, wine yellow, brownish yellow, cinnamon brown, pale 
rose red, and sometimes emerald green. It is isotropic, but usually 
exhibits weak double refraction. This double refraction varies in 
different parts of the same crystal. The index of retraction is high, 
varymg from 1.7394 to 1.7617. 

Spessartite. — Spessartite is a manganese-aluminum siUcate, MujAl, 
(SiO,}^. Ferrous iron may replace the manganese partly, and ferric 
iron the aluminum. The color is a dark hyacinth red, sometimes 
tinged with violet, and brownish red, G = 4.0-^.3. The index of 
refraction varies from 1.8050 to 1.8158, The difference in the index 
of refraction serves to distinguish this mineral from grossularite. 
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Almaiidite.—Almandite is an iron-aluminum silicate, F^Al, 
(SiOJj. Ferric iron may replace the aluminum to some extent. 
Magnesium may also replace partly the ferrous iron. G = 3,9-4.2. 
Tlie color is a fine deep red, brownish red, or black. The index of 
refraction varies from 1.8022 to 1.8159. Chemical means afford the 
best method of distinguishing this mineral; also some light may be 
thrown on its character by the color and by the fact that it fuses to a i 
magnetic globule. 

Pyrope. — Pyrope is a magnesium-aluminum silicate, M^Al, ! 
(SiOj),. Calcium and iron may also be present. G = 3.7-3.75. 
The color varies from deep red to nearly black. The index of refrac- i 
tion varies from 1.7369 to 1.7545. When perfectly transparent it is 
prized as a gem. | 

Chromite. — See Ohrcmiite under Opaque minerals. 

Perovskite. — ^Perovskite crystallizes in the isometric or pseudoiso- I 
metric sj^tem. The crystal habit is generally cubic. The cleavage 
is cubic and rather perfect. The fracture is subconchoidal to uneven, i 
H = 5.5; G = 4.017. 

Perovskite is a calcium titanite, CaTiOj." Iron or one of the cerium I 
elements may partly replace the calcium. It is infusible. It is I 
entirely decomposed by boiling sulphuric acid. 

Optically, perovskite is transparent to opaque. The luster is 
adamantine to metallic adamantine. The color is pale yellow, . 
honey yellow, orange yellow, reddish brown, grayish black, grayish ! 
white, violet gray, brownish to reddish, and rarely greenish. There 
is sometimes present a zonal arrangement of colors. Sti-eak colorless 
or grayish. Microscopic crystals are isotropic; but larger crystals 
show anomalous double refraction, and are biaxial and usually 
positive. The reason for this is not definitely known. The index 
of refraction is high, 2.38. 

Nearly opaque perovskite resembles hematite and ilmenite. Its 
insolubility in hydrochloric acid distinguishes it' from these two 
minerals. When transparent, perovskite resembles chromite. From 
this it can be distinguished chemically. 

ANISOTROPIC, UNIAXIAL MINERALS. 

Tridifmite. — Tridymite crystallizes in the hexagonal or pseudo- 
hexagonal system. The crystals are usually minute, tliin, hexagonal 
plates. The fracture is conchoidal. H = 7; G = 2.28-2.33. 

Tridymite is silicon dioxidCf sUiea, SiO,. It is soluble in boihi^ 
sodium carbonate. 

Tridymite is colorless to white, transparent, and has a vitreous or 
pearly luster. The index of refraction is in the neighborhood of 
1.476. The double refraction is weak, and the mineral is optically 
positive ( + ). 
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Chdbasite. — Chabazite cryatailizes in the rhombohedral system. 
The usual form is the simple rhombohedron. The angle is veiy near 
that ofttie cube, for which reason the two forms may be at first 
confused. It is sometimes amorphous. Penetration twins are very 
eonunon. The Iracture ia uneven. H = 4-5; G = 2.08-2.16. 

The chemical composition is variable. It ia mostly (Ca, Na,) Al, 
{SiOJj + eHjO. Potassium is also present in small quantities, and 
chabazites have been found which contained barium and strontium. 
It fuses with intumescence. It is decomposed by hydrochloric acid, 
with the separation of gelatinous aihca. The luster is vitreous. The 
color is white, flesh red, and colorless. The streak is uncoiored. It 
ia transparent to translucent. It is optically n^ative (-), but is 
positive (+) when containing a higher percentage of water. The 
interference figure is usually confused. The mean index of refraction 
is 1.5. The crystals are divided into sectors having different optical 
orientations. 

CaTicrwUe. — Cancrinite ciyst^lizes in the hexagonal system. It ia 
usually massive. H="5-6; = 2.42-2.5. The cleavage is perfect 
parallel to m(lOlO). 

Cancrinite is H,Na,Ca (NaGOg)jAl,(SiO^),. In the closed tube it 
gives water. Its very easy fusibility diatinguishes it from nepheUte. 
It is decomposed by hydrochloric acid with the evolution of carbon 
dioxide. On heating gelatinous silica forms. 

The color is white, gray, yellow, green, blue, reddish, and colorless. 
The streak is uncoiored. The luster is subvitreous to pearly or 
greasy. The mineral is transparent to translucent. It is optically 
negative ( — ). The index of refraction varies from 1.4955 to 1.5244. 
The double refraction is stroi^. 

Cancrinite resembles orthoclase. Its strong double refraction 
serves as a method for distinguishing the two. 

ApophyUUe. — Apophyllite crystallizes in the tetragonal system. 
Usually in square prisms or acute pyramidal forms; also granular, 
lamellar, and rarely concentrically radiated. Cleavage parallel to 
(001) perfect; cleavage parallel to (110) less perfect. The fracture 
ia uneven, H-4.5-5; G-2.3-2.4. 

Apophyllite is HTKCa^(SiOj)g + 4iHjO. Fluorine replaces part of 
the oxygen. Yields water, whitens, and exfoliates in the closed tube. 
Hydrochloric acid decomposes it with the separation of gelatinous 
aihca. 

The luster is pearly and vitreous. The color is white, grayish, 
fiesh red, and greenish, yellowish and rose tints, and colorless. 
Optically positive (+■), sometimes n^ative ( — ). The index of 
r^raction varies from 1.5309 to 1.5369. The double refraction is 
very low. ApophyUite resembles the zeolites, but has a higher 
refraction than most of them. It differs from chabazite in having 
basal cleavage. 
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NephdUe. — Nephelite crystidlizes in the hexagonal system. It is 
usually in thick 6-sided or 12-sided prisms; also massive and in 
embedded grains. The fracture is subconchoidal. H = 5 — 5.5; G- 
2.55-2.65. 

Nephelite is K,NagAl,SieO„. Iron, magnesium, and calcium may 
also be present. It fuses quietly to a colorleas glass. It is attacked 
by hydrochloric acid and gives gelatinous silica. 

The luster is \'itreous to greasy and opalescent. The color is white, 
yellowish, dark green, greenish or bluish gray, brownish red and brick 
red, and colorless. It is transparent to opaque. It is optically n^a- 
tive ( — ). The double refraction is low, and very thin sections do 
not yield an interference figure. The index of refraction varies from 
1.5376 to 1.5469. 

Nephelite in thin sections resembles quartz, feldspar, and apatite. 
Its index of refraction is lower than that of apatite and it lacks the 
rough surface and relief of the latter. It is somewhat lower than 
quartz in double refraction, is negative, does not yield an interference 
figure in very thin sections, exhibits cleavage, and shows alteration 
not found in quartz. Nephelite differs from unstriated feldspar in 
that the refraction of nephelite is noticeably higher. Unstriated 
andesine has a slightly higher double refraction and exhibits a biaxial 
interference figure. 

Quartz. — Quartz ciystallizes in the rhombohedral system. The 
usual form found in soils is as irregular grains. Occasionally six- 
sided hexagonal forms are found. Fracture conchoidal to subcon- 
choidal, and uneven to splintery, in some massive forms. H=7; 
G = 2.653. 

Quartz is silica, SiO,. It may be rendered impure by admixturea 
of iron oxide, calcium carbonate, clay, and other minerals contained 
in the quartz as inclusions. It is infusible. In soda it dissolves with 
effervescence. It is soluble only in hydrofluoric acid. 

The luster is vitreous, occasionally greasy, and splendent to almost 
dull. The pure varieties are colorless, but, owing to impurities, it may 
be yellow, red, brown, green, blue, black. 'With the pure varieties 
the streak is white. In the impure varieties the streak is often of 
the same color as the mineral, only paler. It is transparent to opaque. 
It is optically positive ( + ). The double refraction is weak. The 
polarization is circular; hence the axial figure has a colored center. 
The index of refraction varies from 1.54418 to 1.55328. It has vari- 
ous inclusions of other minerals, liquids, and gases. 

Quartz is by far the most abundant of soil particles. Once recog- 
nized under the microscope it can not well be confused with any other 
mineral. 
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Wemeriie. — Wemerite crystallizes in the tetragonal system. It 
occurs as coarse crystals with rough uneven faces, and massive 
granular, colimmar, and faintly fibrous. The fracture is subcon- 
choidal. H = 5-6; G — 2.66-2.73. The cleav^e is rather distinct, 
but is interrupted. 

Wemerite is intermediate between meionite and mariaUte. It cor- 
responds to a molecular combination of these in a ratio of from 3:1 
to 1:2. The composition of meionite is CaiAl,Si,Oi,. This is repre- 
sented by the symbol Me. The composition of marialite is 
Na4Al,Si,0„Cl. This is represpnted by the symbol Ma. Therefore, 
wemerite may be represented as Me^a, to Me,Ma,. It easily fuses 
with intumescence to a white blebby glass. Hydrochloric acid 
decomposes it imperfectly. 

The luster is vitreous and pearly, inclining to resinous. The color 
is white, gray, Iduish, greenish, and reddish. The streak is uncolored. 
The mineral is transparent to faintly subtranslucent. Optically, it is 
negative (— ). The double refraction is weak. The index of refrac- 
tion varies from 1.545 to 1.566. Wemerite may be distinguished 
from the feldspars usually by the higher double refraction and by 
uniaxial characters. It differs from quartz in being optically negative. 

Beryl. — Beryl crystallizes in the hexagonal system. The crystals 
are usually long prismatic, occasionally massive, columnar, granu- 
lar, or compact. The fracture is conchoidal to imeven. H = 7.5-8; 
G-2.63-2.80. 

Beryl is BejAljSi,0,g. Sodimn, lithium, and caesium sometimes 
partly replace the beryllium. Chemically combined water may also 
be present. The fusibihty is rather high, 5.5. It is unacted upon by 
acids. 

The- luster is vitreous and resinous. The color is emerald green, 
pale green, hght blue, yellow, white, and pale rose red. The streak 
is white. Beryl is transparent to subtransparent. It is optically 
negative ( — ). It is often abnormally biaxial. The double refrac- 
tion is feeble. The index of refraction varies from 1.5720 to 1.58935. 

Tovrmdline. — ^Tourmaline crystallizes in the rhombohedral system. 
The crystals are usually prismatic, and often slender and acicular. 
They are often rounded to barrel-shaped. It is sometimes massive, 
compact, or columnar. The fracture is subconchoidal to uneven. 
H = 7-7.5; G=2.98-3.20. 

Tourmaline is a complex sihcate of boron and aluminum, with 
magnesiimi, iron, or the alkali metals present. The exact formula is 
uncertain. The different kinds are clawed as alkali tourmalines, 
iron tourmalines, magnesium tourmalines, and chroniium tourma- 
lines. The formulas are something like the following: 
12 SiO,3B30j8Al,0,2Na,04H,0 
12 SiO,3B,Oj5Al,0,12Mg03HjO 
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The fusibility varies with the composition. It is not decomposed 
by acids. After fusion, sulphuric acid perfectly decomposes it, and 
it gelatinizes with hydrochloric acid. 

The luster is vitreous to resinous. The color is black, brownish 
black, bluish black, blue, green, red, and rarely white, and colorless. 
The color may vary in the same specimen, the internal part being red 
and the external green, or the ends may be differently colored. The 
streak is uncolored. Tourmaline is transparent to opaque, and 
strongly pleochroic. It is optically negative (— ). Sometimes, from 
molecular strain, it is anomalously biaxial. The double refraction ia 
moderate. The index of refraction, which varies with the composi- . 
tion, ranges from 1.6195 to 1.6630. 

Tourmaline resembles apatite when coloriess, but it has a much 
stronger double refraction. 

Apaiile. — Apatite crystaUizes in the hexagonal system. The crys- 
tals vary from long to short prismatic. Apatite is also massive, 
granular, or compact. The cleavage is rather imperfect. The frac- 
ture is conchoidal to uneven, H^S. The hardness of the massive 
varieties is sometimes as low as 4:5. G = 3.17-3.23. The name 
phosphorite is applied to apatite in fibrous concretionary forms. 
Osteolite b the earthy form. 

Apatite is a tricalcium phosphate containing either chlorine or 
flourine or both. The chlorine and fluorine are present generally 
in the form of calcium chloride or calcium fluoride. The general 
formula is (Ca(F,Cl)Ca4{P0<)j. This may be written as either 
(3CaO.P,Os),-l-CaF, or (3CaO.P,Os),+CaCl,. Some apatites contain 
the hydroxy} (OH), others a considerable amount of manganese. 
Traces of didymium, cerium, and lanthanum have also been de- 
tected in certain cases. It fuses with difficulty. It is soluble in 
both hydrochloric and nitric acids. Some varieties phosphoresce on 
heating. Dissolved in hydrochloric acid and ammonium molybdate 
added, there is given a copious precipitate of ammonium phospho- 
molybdate, which is of a peculiar yellow color. This test can be 
utilized under the microscope. 

The luster is vitreous, inclining to subresinous. The streak is 
white. The color is sea-green, bluish green, violet blue, white, yel- 
low, gray, red, flesh-red, and brown. Under the microscope the 
mineral is usually colorless. It is transparent to opaque. Some of 
the colored varieties are pleochroic. It is optically negative ( — ). 
The double refraction is weak. The index of refraction varies from 
1.6287 to 1.6449. Occasionally it is anomalously biaxial. - 

Apatite usually presents characteristic appearances. The ordinary 
■optical test ia usually sufficient for its identification. 

Cdlcite. — Calcite crystallizes in the rhombohedral system. It 
usually occurs well crystallized, the crystals sometimes having great 
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complexity of form. It also occurs in fibrous, granular, compact, 
earthy, stalactitic, and nodular forms. The cleavage is highly per- 
fect and charactetistic. The fracture is not easy to obtain owing to 
the ease of cleavage; but when obtained is conchoidal, H = 3; 
G = 2.713. 

Calcite is calcium carbonate, CaCOj. M^;ne3ium, iron, manganese, 
zinc, and lead may be present, replacing the calcium. Numerous 
other mechanically admixed impurities may be present. It is in- 
fusible; but on heating is converted into lime, CaO, which reacts 
alkaline to litmus. Moistened with hydrochloric acid, it gives the 
ordinary flame coloration for calcium. It effervesces briskly with 
cold dilute aciiis. 

The luster is vitreous, subvitreous, or earthy. It is usually white 
to colorless, but may be gray, red, green, blue, violet, yeUow, brown, 
or black. The streak is white or grayish. It is transparent to 
opaque. Optically, it is negative ( — ). The double refraction is 
strong. The index of refraction varies between 1.48626 and 1.65849. 

Calcite is very quickly acted upon by cold dilute acids, whereas 
dolomite is only very slowly acted upon. This serves as a method 
for distinguishing the two. 

Dolomite. — Dolomite crystallizes in the rhombohedral sjatem. 
The crystals often have rounded faces and ec^es. It also occurs in 
amorphous or granular forms. The cleavage is perfect. The frac- 
ture is subconchoidal. H = 3.5-4; G = 2.8-2.9. 

Dolomite is a calcium-magnesium carbonate, (Ca,&^)CO,. Cai^ 
bonates of iron, manganese, and rarely of cobalt and zinc, may enter 
into the compound. It acts very much as calcite does, with the ex- 
ception of eflfervescing very much slower in cold dilute acids. 

The luster is vitreous, sometimes inclining to pearly. The color is 
white, reddish or greenish white, rose-red, green, brown, gray, and 
black. It is transparent to translucent. Optically it is negative 
( — ). The index of refraction runs from 1.50256 to 1.68174. 

For distinction from calcite, see under- " Calcite" above. 

Corundum. — Corundum cJ^stallizes in the rhombohedral system. 
In soils it usually occurs as grains. The fracture is uneven to con- 
dioidal. H = 9; G = 3.95-4.10. 

Corundum is alumina, AJjO,. After long heating with cobalt 
nitrate solution, the finely pulverized mineral gives a blue color. It 
is unacted upon by acids. 

The luster is adamantine to vitreous. The color is red, blue, yel- 
low, brown, gray, and nearly white. The streak is uncolored. 
Transparent to translucent. The deeply colored varieties are 
pleochroic. It is optically negative ( — ). I^arge twinned crystals 
are often abnonufdly biaxial. The double refraction often varies 
within the same crystal. The index of refraction is high, running 
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from 1.7592 to 1.7690. The double refraction is slightly less than 
that of quartz. 

Corundum resembles quartz, nephelite, and apatite. Its higher 
index of refraction distinguishes it from these minerals. 

ZiTcon. — Zircon crystallizes in the tetragonal system. It is com- 
monly in square prisms and also in grains. The cleavage is imper- 
fect. The fracture is conchoidal. H=7.5; G = 4.6»-4.70. It is 
sometimes geniculated. 

Zircon is zirconium silicate, ZrSiO,. Ferric iron is usually present, 
and occasionally calcium and magnesium. It is infusible. Acids do 
not act upon it, except in the case of sulphuric acid with very fine 
powders. Fusion with alkaline carbonates and bisulphatee decom- 
poses it. 

The luster is adamantine. The color is pale yellowish, grayish, yel- 
lowish green, brownish yellow, reddish brown, «nd colorless. The 
streak is uncolored. It is transparent to subtranslucent and opaque. 
It is optically positive ( + ). Some large crystals are abnormally 
biaxial. Alteration may cause it to become isotropic and amor- 
phous. The double refraction is high. The index of refraction varies 
from 1.9239 to 2.015. 

In microscopic crystals it is well characterized by its brilliant 
interference colors and crystal form. 

Siderite. — Siderite crystaUizes in the rhombohedral system. The 
crystab are usually rhombohedral with curved faces; and often mas- 
sive or granular, fibrous, compact, and earthy. The cleavage is 
perfect. The fracture is subconchoidal to uneven. H = 3.5-4.0; 
= 3.83-3.88. 

Siderite is an iron proto-carbonate, FeCO,. Manganese, magne- 
sium, and calcium may also be present. It fuses at 4.5. Cold dilute 
acid acts upon it very slowly, but in hot acid it effervesces briskly. 

The luster is vitreous, inclining to pearly. The color is ash-gray, 
yellowish gray, greenish gray, brown, brownish red, rarely green, and 
white. The streak is white. It is translucent to subtranslucent. 
The double refraction is strong. It is optically negative ( — ). The 
index of refraction varies from 1.6219 to 1.9341. 

Generally speaking, the index of refraction of siderite is higher 
than that of any other minerals with which it may be confounded. 
Chemical means, however, furnish the best methods of identification. 

ATuUase (OctahedrUe). —Axieitaae crystaUizes in the tetragonal sys- 
tem. It is usually octahedral in habit, either acute or obtuse. It 
also occurs in tabular form and rarely as prismatic crystals. The 
cleavage is perfect. The fractm*e is subconchoidal, H = 5.5-6; 
= 3,82-3.95. 

Anatase is titanium dioxide, TiOj. It is infusible. It is insoluble 
in acids, but is made soluble by fusion with an alkali or alkaline 
carbonate. 
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The luster is adamantine or metallic-adamantine. The color is 
brown, indigo blue, and black. In transmitted light it is greenish 
yellow. It is somewhat pleochroic. The streak is uncolored. It is 
transparent to nearly opaque. Optically, it is negative (— ). The 
double refraction and dispersion are rather strong. The index of 
refraction varies from 2.4523 to 2.6066. Darker colored portions are 
sometimes biaxial., 

This mineral is of rare occurrence. 

RvHie. — Butile crystallizes in the tetragonal system. The fonns 
are often geniculated. The crystals are usually prismatic or acicular. 
Sometimes it is compact or massive. The cleavage parallel to (110) 
and (100) is distinct. The fracture is subconchoidal to uneven. 
H = 6-6.5; G-4.18-4.25. 

Rutile is titanium dioxide, TiO,. Iron is usually present. Chro- 
mium and tin are sometimes present. It is infusible. It is insoluble 
in acids, but it is made soluble by fusion with an alkali or alkaline 
carbonate. 

The luster is metallic adamantine. The color is reddish brown, 
passing into red, yellowish, bluish, violet, black, and rarely grass- 
green. In transmitted light it is light yellow, fox red, brownish red, 
or violet. The streak is pale brown. It is transparent to opaque. 
It is optically positive ( + ). The double refraction is strong. The 
index of refraction runs from 2.5671 to 2.9817. In some cases it is 
abnormfdly biaxial. It is variably pleochroic. 

Rutile resembles zircon. Its higher refraction and double refrac- 
tion, however, distinguish it. Its optical character, positive or 
negative, distinguishes it from anatase. 

Hematite. — See Hematite under Opaque MiTierdls. 

ANISOTROPIC, BIAXIAL MINERALS. 

NatrolUe. — Natrohte crystallizes in the orthorhombic system. The 
crystals are prismatic and are usually very slender to acicular. It is 
also fibrous, radiating, massive, granular, or compact. The cleavage 
parallel to (110) is perfect. The fracture is uneven. H = 5-5.5; Q = 
2.20-2.25. 

Natrolite is Na,Al,Si,Oio -I- 2H,0. It fuses quietly at a compara- 
tively low temperature. It gelatinizes with acids. 

The luster is vitreous, inclining to pearly. The color is white 
grayish, yellowish, reddish to red, and colorless. In thin sections it 
is colorless. It is transparent to translucent. Optically it is posi- 
tive ( -I- ). The index of refraction varies from 1.47287 to 1.49296. 
It has parallel extinctions usually; but some specimens have been 
found to show extinction inclined from 5° to 7° to the prismatic edge. 
Some specimens are apparently monoclinic. 

The usual parallel extinction distinguishes natrolite from scolecite 
and laumontite. It also has higher double refraction than scolecite. 
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PJiMipsite. — Phillipaite crystallizes in the monoclinic system. The 
crystals are uniformly penetration twins, often simulating ortho- 
rhombic or tetr^;onal forms. They are separate or clustered. The 
cleavage parallel to (001) and (010) is rather distinct. The fracture 
is uneven. H = 4-4.5; G = 2.2. 

Phillipsite is (K„Ca)Al,(SiOJj + 4iHjO. Sodium and barium are 
sometimes present. At 3 it crumbles and fuses to a white enamel. 
It gelatinizes with hydrochloric acid. 

The luster is vitreous. The color is white, occasionally reddish. 
In thin sections it is colorless. The streak is uncolored. It is trans- 
lucent to opaque. Optically it is positive (-I-). The double refrac- 
tion is very low. The index of refraction for ^ varies from 1 .51 to 
1.57. The angle of extinction is inclined up to 18°. The dispersion 
is slight. 

Chahazite. — See Chabasite under Anisotropic, Uniaxial Minerals. 

Ileulandiie. — Heulandite crystallizes in the monoclinic system. 
The crystals are sometimes flattened parallel to (010). It also occurs 
in globular and granular forms. The cleavage parallel to (010) is 
perfect. The fracture is subconchoidal to uneven. H= 3.5-4; 
= 2.18-2.22. 

Heulandite is H,CaAl, (Si03), + 3HjO. Strontium is usually 
present. On heating it exfoliates, swells up, curves into fanlike or 
vermicular forms, and fuses. Hydrochloric acid decomposes it with- 
out gelatinization. 

The luster is pearly and vitreous. The color is various shades of 
white, red, gray, and brown. It is colorless in thin sections. The 
streak is white. It is transparent to translucent. Optically, it is 
positive ( + ). The double refraction is weak. The index of refrac- 
tion rims from 1.498 to 1.505. 

Scoleciie. — Scolecite crystallizes in the monoclinic system. The 
crystals are slender prisms. It also occurs massive, fibrous, and 
radiated, and in nodules. The cleavage parallel to (110) is nearly 
perfect. H = 5-5.5; G=2. 16-2.4. 

Scolecite is CaAljSijOn, + 3HjO. Sodium may be present in some 
instances. It fuses rather easily. With acids it gelatinizes. 

The luster is vitreous, or silky when fibrous. The color is white, 
or, in thin section, colorless. It is transparent to subtranslucent. 
It is optically negative ( — ). The fibers have inclined extinction of 
about 15°. The double refraction is low. The index of refraction 
varies from about 1.4952 to 1.502. 

ioumon^ife .—Laumontite crystallizes in the monoclinic system. 
It occurs in prismatic, columnar, radiating, and divergent forms. The 
cleavf^e parallel to (010) and (110) is very perfect. The fracture is 
uneven. H = 3.5-4; = 2.25-2.36. 
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Laumontite is H4CaAljSi,On + 2HjO. Iron, sodium, potassium, 
and magnesium may be present. On heating, it swells up and fuses 
to a white enamel. It gelatinizes with hydrochloric acid. 

The luster is vitreous, inclining to pearly on cleavage faces. The 
color is white, yellow, gray, and sometimes red. The streak is 
uncolored. Thin sections are colorless. It is transparent to trans- 
lucent. Exposure causes it to become opaque and usually pulveru- 
lent. Optically, it is negative (— ), The double refraction is stronger 
than that of quartz. The index of refraction varies from 1.513 to 
1.525, The maximum extinction angle is 30°. 

Gypsum. — Gypsum crystallizes in the monoclinic system. The 
common forms are flattened, prismatic, or aeicular. It also occurs in 
massive, granular massive, and impalpable forms. The crystals are 
often warped. The cleav^e parallel to (010) is eminent, yielding 
folia. H=1.5-2; G= 2.314-2.328. 

Gypsum is a hydrous calcium sulphate, CaS04 + 2H,0. In the 
closed tube it gives water and becomes opaque. It fuses rather 
readily. It is soluble in hydrochloric acid, and in from 400 to 500 
parts of water. 

The luster on the face (010) is pearly and shining. On other faces 
the luster is subvitreous. It is sometimes glistening or dull earthy. 
The color is white, gray, flesh red, honey yellow, ocher yellow, blue, 
and in impure varieties may be black, brown, red, or reddish brown. 
In thin sections it is colorless. The streak is white. It is transparent 
to opaque. Optically, it is a positive (-1- ). The double refraction is 
low. The index of refraction varies from 1.5204 to 1.5305, The 
extinction is inclined. 

Orikodase. — H = 6; KAlSigOg. It is fusible; and is not acted upon 
by acids. Soda may be present. 

The luster is vitreous; on cleavage faees it is pearly. The color is 
white, pale yellow, flesh-red, gray, rarely green, and colorless. (See 
under Feldspars.) 

Orthoclase is a very common soil-forming mineral, and its appear- 
ance is usually characteristic. It may be confounded with the other 
feldspars, but may be distinguished from them by its angle of extinc- 
tion. Its lower index of refraction and biaxial character distinguishes 
it from quartz. 

Microdine. — The fracture is imeven. H = 6-6.5. Sodium is 
usually present. Iron, magnesium, and calcium may sometimes be 



The luster is vitreous or pearly. The color is white, pale, cream- 
yellow, red, and green. It is transparent to translucent. (See under 
Feldspars.) 

Albite. — The crystals are often tabular or elongated. It is also 
massive, either lamellar or granular. The fracture is uneven to 
conchoidal. H= 6-6.5. 
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Small amounts of calcium are usually present. Potassium, iron, 
and magnesium may also be present. It fuses to a colorless or white 
glass, giving an intense yellow to the flame. It is unacted upon by 
acids. 

The luster is vitreous; on a cleavage surface often pearly. The 
color is white, bluish, gray, reddish, greenish, and green. The streak 
is uncolored. It is transparent to subtranslucent. (See under Feld- 
spars.) 

ChryaotUe. — Chrysotile crystallizes in the monoclinic or ortho- 
rhombic ( ?) system. Distinct crystals axe always pseudomorphs after 
other crystals, usually after the mineral from which the chrysotile has 
been derived. The usual form is fibrous. They are usually pris- 
matic and are often flexible and silklike. The cleavage is prismatic, 
the angle being 50°. It has a smooth, sometimes greasy feel. 
H = 2.5-4, sometunes as high as 5.5. G = 2. 50-2.65. 

Chrysotile is a hydrous magnesium silicate, H^Mg^SijO,. Iron pro- 
toxide often replaces part of the magnesium. Nickel is also sometimes 
present in small amounts. Aluminum, calcium, ferric iron, chromium, 
alkalies, and manganese may be present. It yields water in the 
closed tube. It is fusible only on.the edges, and there with difficulty. 
Hydrochloric and sulphuric acids decompose it. The silica is left in 
fine fibers. 

The luster is subresinous to greasy, pearly, earthy, resinlike, or 
waxlike. The color is leek green, blackish green, oil green, siskin 
green, brownish red, brownish yellow, nearly white. None of the 
colors are bright. Exposure often causes it to become yellowish gray. 
The streak is white and slightly shining. It is translucent to opaque. 
The pleochroism is feeble. It is biaxial and optically positive ( + )■ 
The index of refraction is about 1.54. The double refraction ia a 
little higher than that of quartz. The extinction of the fibers is 
parallel. 

Eaolin. — Kaolin crystallizes in the monoclinic system. The usual 
form is thin rhombic, or hexagonal plates paraUel to (001). It alao 
occurs as irr^ularly shaped scales. The mineral occurs chiefly in 
claylike masaes, compact, friable, or mealy. The cleavage parallel 
to the base (001) ia perfect. H = 2-2.5; G = 2.6-2.63. 

Kaolin is a hydrated aluminum silicate, H,Al,SijO,, Ferric iron, 
fluorine, calcium, magnesium, and carbon dioxide may be present. 
On heating, it yields water. It is infusible. It is insoluble in hydro- 
chloric acid, but is slowly soluble in hot sulphuric acid. 
I The luster of the plates is pearly. That of the mass is pearly to 
dull earthy. The color is white, grayish white, yellowish, brownish, 
bluish, or reddish. The scales are transparent to translucent. The 
mass is usually unctuous and plastic. It is biaxial, 'and optically 
negative (— ). The double refraction is low. The index of refrac- 
tion is about 1.54. , - . 
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Kaolin forms the larger portion of the clayey matter of soils. 
Often the individual grains are far too small for accurate identifica- 
tion. 

Cordimte (loHte). — Cordierite crystaUizea in the orthorhombic 
system. It is commonly in penetration twins'with pseudohexagonal 
forms. It has a short prismatic crystal habit, and also occurs as 
grains, and in massive and compact forms. The cleavt^e parallel to 
(010) is distinct. The fracture is subconchoidal. H = 7-7.5; 
G = 2.60-2.66. 

Cordierite is H,(Mg,Fe)jA]gSi,oO„. Ferrous iron may replace part 
of the magnesium. Calcium, manganese, and occasionally lithium, 
may be present. On heating it loses its transparency and fuses. 
Acids only partly decompose it. Fusion with alkaJine carbonates 
decomposes it. 

The luster is vitreous. The color is various shades of blue, grayish, 
and yellowish. Thin sections are colorless. It is transparent to 
translucent. Thick sections are distinctly pleochroic; thin sections 
less so or nJjt at all. It is optically negative ( — ). The double 
refraction is variable. The index of refraction varies from 1.532 to 
1.5992, usually it approximates 1.55. 

Cordierite resembles quartz, but is distinguished from the latter by 
its biaxial cbwacter. 

Chatcedomy. — The crystalline system of chalcedony has not been 
established. It occurs in aggregates of radiating or parallel fibers. 
The cross section of these fibers is irregular. H—7; G='2.59-2.64, 

Chalcedony is silica, SiO,, like quartz. 

The color is white, grayish, pale brown, dark brown, black, tendon 
color, sometimes delicate blue. In thin sections it is colorless. The 
double refraction is only slightly lower than that of quartz. The 
index of refraction is 1.537. The fibers have parallel extinction. 
Chalcedony is optically negative and is thus distinguished from quartz. 
The luster is waxlike. 

Oligodase, — The usual form is massive, cieavable to compact. 
Crystals are uncommon. The fracture is conchoidal to uneven. 
H = 6-7. It fuses to a clear or enamellike glass. It is not materially 
acted upon by acids. 

The luster is vitreous to pearly or waxy. The color is usually whit- 
ish, with a tinge of grayish green, grayish white, reddish white, green- 
ish, reddish, and sometimes aventurine. It is transparent to sub- 
translucent. (See under Feldspars.) 

Andesine. — It occura usually as massive cieavable or granular. 
Thin splinters fuse before the blowpipe. It is imperfectly soluble in 
acids. 

The luster is subvitreous to pearly. The color is white, gray, green- 
ish, yellowisb, and flesh red. (See under Feldspare.) 
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Lahradorite.— It occurs in tabular, equant, and prismatic forms. 
Massivej cleavable, granular, and ciyptociTstaUiue fonns also occur. 
The fracture, in directions other than cleavage directions, is uneven. 
In certain cases the fracture is conchoidal. H = 5— 6. It fuses to a 
colorless glass. Hydrochloric acid decomposes it with diflBculty, gen- 
erally leaving a residue of the undecomposed mineral. 

The luster on (001 ) is pearly to vitreous. On other faces it is vitre- 
ous to subresinous. The mineral is gray, brown, greenish, white, and 
colorless. Cleavable varieties usually tiisplay a beautiful play of 
colors. The streak is uncolored. It is translucent to opaque. 
Optically positive. (See untler Feldspars.) 

Antigorite. — The structure of antigorite is thin lamellar. It can 
easily he separated into translucent or subtransparent folia. The 
cleavage is pinacoidal, and is sometimes distinct. The fracture in the 
massive varieties is splintery to subconchoidal, 11=2.5. G = 2.622. 

Antigorite is identical with chrysotile, a hydrous magnesium sil- 
icate, HjMg^i^Og. The same impurities occur in this mineral as in 
chiysotUe. Hydrochloric and sulphuric acids decompose it. 

By transmitted light the color is leek green; by reflected light it is 
brownish green. The streak is white. It is translucent to opaqUe. 
The pleochroism is feeble. It is optically negative { — ). The double 
refraction is slightly higher than that of quartz. It is biaxial; and 
the index of refraction runs from 1.56 to 1.571. 

The negative ( — ) optical character distinguishes this mineral from 
chrysotile. 

AvJiydrite. — ^Anhydrite crystallizes in the orthorhombic system. 
Cryatala are uncommon. The usual forms are massive, cleavable, 
fibrous, lamellar, granular, and impalpable. The cleavage parallel to 
(001) is very perfect. Cleavage in three directions gives the cleavage 
frf^;ments a cubical appearance. The fracture is uneven to splintery. 
H = 3-3.5; G = 2.899-2.985. 

Anhydrit« is anhydrous calcium sulphate, CaSOi- It fuses and 
imparts to the flame a reddish-yellow color. The bead obtained from 
the fusion is enamellike and reacts alkaline. It is soluble in hydro- 
chloric a«id. Through the absorption of water it alters to gypsum. 

The luster is pearly on (001); greasy on (100); and vitreous on 
(010). The color is white, grayish, bluish, reddish, and brick-red. 
Thin sections are colorless. Optically, it is positive (-1- ). The double 
refraction is high. The index of refraction varies from 1.5693 to 
1.6138. 

Anhydrite is not Uktij to be confused with any other mineral 
Its optical properties and cleavage are characteristic. 

Talc. — The crystallization of talc is either orthorhombic or mono- 
clinic (t). The usual forms are foliated massive, granular-massive, 
fibrous, compact, cryptocrystalline, and sometimes in lobular and 
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atellftted groups. The cleavage parallel to (001) is perfect. The 
laminte are fiexible, bul^ are not elastic. H = l; G=- 2.7-2.8. The 
feel is greasy. 

Talc is an acid meta^cate of magnesium, H^Mgg (SiO,)i. Nickel, 
iron, calcium, aluminum, manganese, sodium or strontium may be 
present. Most varietieg yield water in the closed tube when intensely 
ignited. On heating, it whitens, exfoliates, and fuses with difficulty 
on thin edges. It gives the magnesium reaction (a pale flesh-red 
color) with cobalt nitrate solution. Acids do not decompose it. 

The luster is pearly on cleavage surfaces. The color is apple green, 
white, silvery white, greenish gray, dark green, and brownish to red- 
dish when impure. Thin sections are colorless. It is biaxial. Optic- 
ally, it is negative ( — ). The double refraction is high. The index 
of refraction runs from 1.539 to 1.589. 

Talc resembles sericite, from which it must he distinguished chem- 
ically. 

Vivianite. — ^Vivianite crj^tatlizes in the monoclinic system. The 
forms are prismatic, reniform, globular, fibrous, and earthy. The 
cleavage parallel to (010) is perfect. The fracture is fibrous. 
H = l.5-2; G = 2.58-2.68. 

Vivianite is a hydrous ferrous-phosphate, FeaPjOj + SI^O. In the 
closed tube it yields neutral water, whitens, and then exfohates. It 
fuses rather easily to a magnetic globule, coloring the flame bluish 
green. It is soluble in hydrochloric acid. 

The luster on (010) is pearly or metallic pearly; on the other i&cea 
it is vitreous. When unaltered it is colorless. Alteration causes it 
to assmue a blue to green color. The streak is colorless to bluish 
white. It is transparent to translucent. Exposure causes it to 
become opaque. The pleochroism is stroi^. Optically it is posi- 
tive (+). The index of refraction runs from 1.577 to 1.627. 

Anorthite. — The crystals are usually prismatic. It also occurs 
massive, cleavable, granular, and coarse lamellar. The fracture ia 
conchoidal to imeven. H = 6 — 6.6. 

It fuses to a colorless glass. Some anorthite is decomposed by 
hydrochloric acid, with the separation of gelatinous silica. 

The color is white, grayish, and reddish. The streak is uncolored. 
It is transparent to translucent. See under Feldspars. 

PyropJiyUUe. — PyrophyUite has not been observed in distinct 
crystals. The forms are foliated, radiated, lamellar, somewhat 
fibrous, granular, compact, and cryptocrystalUne. The cleavage 
parallel to the base is eminent. The feel is greasy. H^ 1 -2- G = 
2.8-2.9. 

PyrophyUite is a hydrous silicate of aluminum, HjAljSi40,j. Iron, 
magnesium, or calcium may be present. At a high temperatm'e it 
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yields water. On heating, it whitens and fuses on the edges with 
difficulty. The radiated varieties exfoliate in fanlike forms. The 
alumina test is obtained with cobalt nitrate solution. Sulphuric 
acid partially decomposes it. Fusion with alkaline carbonates com- 
pletely decomposes it. 

The luster of the folia is pearly, that of the massive kinds is dull 
and glistening. The color is white, apple green, grayish green, 
brownish green, yellowish, ocher yellow, and grayish white. It is 
subtransparent to opaque. Optically it is negative (— ). The index 
of refraction is about 1.59. 

Chlorite, group. — Penninite, clinochlore, and prochlorite are the 
chief members of this group. 

The chlorites crystallize in the monoclinic, sometimes pseudo- 
trigonal, system. Clinochlore is often in tabular crystals flattened 
parallel to (001). The outline is hex^onal. Trigonal'and rhombo- 
hedral crystals occur. The habit of penninite ia rhombohedral 
(pseudorhombohedral) ; but the axes may be referred to the same 
monoclinic axes as clinochlore. The crystals are thick tabular and 
show trigonal outlines. Sometimes they are apparently rkombo- 
hedrons. Prochlorite does not assume the well-marked forms of the 
other two varieties. It occurs in 6-8ided tables or prisms. Micro- 
scopic crystals of all these varietiea appear as minute scales or fibers 
or as ill-defined particles. The twinning plane is perpendicular to 
(001). The cleavage parallel to (001) is perfect. The hardness 
varies in the different varieties from 1 to 2.25. G = 2.5— 2.96, 

The chemical composition of the group vM-ies considerably. Cli- 
nochlore and penninite may be represented as Hg(Mg, Fe)5AlSi,0i,; 
prochlorite as H„(Fe, Mg)jjAluSi,,0^. Ferric iron, chromium, and 
manganese may be present, as well, as small quantities of sodium, 
potassium, calcium, and nickel. In the closed tube the chloritea 
yield water. They fuse with difficulty. Sulphuric acid completdy 
decomposes them. 

The color is various shades of green, rarely brown, nearly colorless, 
and occasionally violet, rose red, and pink. The colored chlorites are 
noticeably pleochroic. In clinochlore the refraction index runs from 
1.585 to 1.596; that of penninite from 1.576 to 1.5832. Clinochlore 
and prochlorite are generally biaxial and are optically positive ( + ). 
Penninite is uniaxial and sometimes optically positive (+ ) and some- 
times optically negative (— ). 

BiotUe. — Biotite crystallizes in the monoclinic system. It usually 
occurs as thin flakes or scales. The cleavage parallel to the base is 
highly perfect. H = 2.5-3; G=2.7-3.1. 

The chemical composition varies somewhat. In general it may be 
represented by the formula (H, K),(Mg, Fe)j(Al, Fe),(SiO,),. In 
the closed tube it gives a little water. On heating, it whitens and 
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fuses on thin edges. Siilphuric acid completely decomposes it, leav- 
ing the silica in thin scales. 

Biotite is biaxial, but in some cases the angle is so small aa to make 
it appear like a uniaxial crystal. It is optically negative (-). 
The index of refraction variw from 1.504 to 1.638, generally nearer 
the lai^er figure. The double refraction is strong. The color 4s 
usually green, brown, black, pale yellow, and rarely white. The 
luster is vitreous to pearly to suhmetalhc. 

The micas, of which biotite is a variety, can be distinguished from 
all other minerals by their pronounced cleavage. In general it may 
be said that the darker colored micas which exhibit nearly uniaxial 
interference figures are biotite. 

Paragonite. — Paragonite occurs massive, in fine scales, and com- 
pact. The cleav^e parallel to the base is eminent. H>i2.5-3; 
G = 2.78-2.90. 

Paragonite is a sodium mica. The composition corresponds to that 
of muscovite. The formula is H,NaAl,(SiO()j, It will be noticed 
that here sodium takes the place of the potassium in the muscovite 
formula. A little potassium is often present in paragonite. Before 
the blowpipe it fuses with difficulty. 

The color is yellowish, gra3Tsh, greenish, light apple green, and 
colorless. The luster is strongly pearly. It is translucent; thin 
scales are transparent. It is optically n^ative ( — ). The index of 
refraction is near 1.60. 

Chemical tests serve to distinguish it from muscovite and talc. 
Its lighter color and biaxial character distinguish it from biotite. 

PectdUe. — ^Pectolite crystallizes in the monoclinic system. It is 
common in close aggregations of acicular crystals, and also fibrous, 
massive, and radiated to stellate. The cleavage parallel to (100) and 
(001) is perfect. The fracture is uneven. H = 5; G = 2.68-2.78. 

Pectolite is an acid metasilicate of sodium and calcium, 
HNaCa,(SiO,)j, In the closed tube it yields water. It fuses rather 
easily to a white enamel. Hydrochloric acid decomposes it, with 
the separation of gelatinous silica. 

The luster is silky or subvitreous in the surface of fracture. The 
color is whitish or grayish. It is subtranslucent to opaque. Thin sec- 
tions are colorless. Optically, pectolite is positive ( + ). The fibers 
show parallel extinction. The index of refraction is about 1.61, 

PJtlogopite. — Phlogopite crystallizes in the monoclinic system. The 
chief form in which it occurs is as thin flakes. The cleavage parallel 
to the base is highly eminent. H = 2.5-3; = 2.78-2.85. 

Phlogopite is a magnesium mica, very close to biotite, but contains 
a relatively small percentage of iron. The formula is written as 
HK(MgF)jMg^(SiO,),. It gives a httle water in the closed tube. 
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On beating it whitens and fuses on thin edges. Sulphuric acid com- 
pletely decomposes it, leaving the silica in thin scales. 

The luster is pearly and aubmetaUic on cleavage surfaces. The 
color is yellowish brown to brownish red, pale brownish yellow, green, 
white, and colorless. Thin folia are transparent to translucent. In 
wilored varieties the pleochroism is distinct. Optically, it is nega- 
tive ( — ). The index of refraction varies from 1,562 to 1.606. 

Muscovite. — Muscovite crystallizes in the monocUnic system. It 
usually occurs as thin flakes. The cleavage is eminent parallel to 
the base. 11 = 2-2.5; G = 2.76-3. 

This mica is mostly an orthosilicate of aluminum and potaseiinn, 
HjKAljSijO,,. It gives water in the closed tube. Before the blow- 
pipe it whitens and fuses on thin edgee. Acids do not decompose 
it. Fusion with alkaUne carbonates decomposes it. 

The luster is vitreous, pearly, or sUky. The color is gray, brown,, 
hair brown, pale green, violet, yellow, dark olive green, rarely rose 
red, and colorless. The streak is uncolored. It is transparent to 
translucent. Usually the pleochroism is feeble. Optically, it is nega- 
tive ( — ). The double refraction is rather strong. The index of 
refraction varies from 1,5566 to 1.6005. 

The lighter color usually serves to distinguish muscovite from both 
pblogopite and biotite, 

Glauconite. — Glauconite is amorphous. It resembles earthy chlo- 
rite. It occurs as small globular masses and granular. H=2; 
G = 2.2-2.4. 

The composition varies much. It is essentially a hydrous silicate 
of iron and potassium with aluminum. In the closed tube it yields 
water. It fuses to a magnetic glass. Hydrochloric acid entirely 
decomposes some varieties, while it does not appreciably attack other 
varieties. 

The luster is dull or glistening. The color is oUve green, blackish 
green, yellowish green, and grajTsh green. Lamellar varieties are 
pleochroic. In lamellar aggregations it is biaxial. The index of 
refraction varies considerably, but is generally in the neighborhood 
of 1.61. 

Topas. — Topaz crystallizes in the orthorhombic system. The crys- 
tals are usually short prisms. It also occurs in columnar and granu- 
lar forms. The cleavage parallel to (001) is highly perfect. The frac- 
ture is subconchoidal to uneven. H = 8; G = 3.4-3.65. 

Topaz is AlaSiOjCOFj) with a variable amount of bydroxyl. It is 
infusible. Sulphuric acid only partially attacks it. 

The luster is vitreous. The color is straw yellow, wine yellow, 
white, grayish, greenish, bluish, and reddish. The streak is uncolored. 
Thin sections are colorless. Optically, it is positive C -1-). The index 
of refraction runs from 1.6072 to 1.6375. The double refraction is low. 
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Topaz optically res«mbles andalusite. It can be distinguished from 
this mineral by the cleavage. Its lower double refraction distin- 
guishes it from sillimanite. The index of refraction is liigher than 
that of quartz and orthoclase 

CelesHte. — Celestite crystaUizes in the orthorhombic system. The 
crystals are commonly tabular or prismatic. It also occurs in fibrous 
and. radiated, globular, and granular forms. The cleavage parallel 
to (001) is perfect. The fracture is uneven. H = 3-3.5; = 3.95-3.97. 

Celestite is strontium sulphate, SrSOj. Small quantities of cal- 
cium are often present. Barium may also be present. It is fusible, 
and colors the flame the characteristic strontia red. The fused 
mass reacts alkaline. It is insoluble in acids. 

The luster is vitreous, sometimes pearly. The streak is white. 
The color is white, faint bluiah, and reddish. It is transparent to 
semi translucent. Optically it is positive ( + ). The index of 
refraction runs from 1.61954 to 1.63697. 

Prehnite.—FTehmte crystallizes in the orthorhombic system. It 
commonly occurs in groups of tabular crystals which are often 
barrel-shaped. It also occurs in globular, prismatic forms and in 
tabular or granular t^^egations. The cleavage parallel to (001) is 
distuict. The fracture is uneven. H = 6-6.5; = 2.80-2.95. 

Prehnite is an acid orthosilicate of aluminum and calcium, HjCa,- 
AljSijOij. In the closed tube it yields water. It fuses with intu- 
mescence. Hydrochloric acid slowly decomposes it without gela- 
tinization. 

The luster is vitreous, except on (001), where it is weak pearly. 
The color is light green, oil green, white, gray, and, in thin sections, 
Colorless. The streak is uncolored. It is subtransparent to trans- 
lucent. Optically, it is positive ( + ). The index of refraction is 
»= 1.616, jff =1.626, r= 1-649. The double refraction is strong. 
Prehnite resembles andalusite, topaz, and WoUastonite. Its higher 
double refraction distinguishes it from these minerals'. 

Tremolite. — Tremolite crystallizes in the monoclinic system. The 
usual forms are columnar and needles, the needles often in spheru- 
litic aggr^ationa. H = 5-6; = 2.9-3.1. 

Tremolite is a calcium magnesium amphibole, CaMgjCSiOj),. 
Ferrous iron replacing the magnesium may be sparingly present. 

The color is white to dark gray, and colorless. Optically it is 
negative (-). The index of refraction is a = 1.6065, ^ = 1.6233, 
r= 1.6340. 

Tremolite, in common with all monoclinic amphiboles, most 
closely resembles the monoclinic pyroxenes in its optical properties. 
The extinction angle of tremolite runs from 16° to 17°. The angle 
is latter in the case of the pyroxenes. 

WoUastonite. — WoUastonite crysttdlizes in the monoclinic system. 
The forms are tabular and prismatic. The cleavage parallel to (lOO) 
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and (001) is perfect. The fracture is uneven. H = 4.5 — 5; G*= 
2.8-2.9. 

WoUastonite is one of the pyroxenes. Chemically, it is a calcium 
metasiiicate, CaSiOj. It fuses easily on edg,es.' Hydrochloric acid 
decomposes it, with the separation of gelatinous silica. 

riie luster is vitreous, and pearly on cleav^e surfaces. The color 
is white, gray, yellow, red, brown, and colorless in thin sections. 
The streak is white. It is subtranspareat to translucent. Optically 
it is n^ative (— ). Occasionally it is optically positive (+), but 
this is rare. The index of refraction varies from 1.619 to 1.635. 
The acute bisectrix X A (7=32" 12'. The double refraction is lower 
than that of epidote, and thus WoUastonite can be distinguished 
from that mineral. The double refraction is higher than that of 
Zoisite. 

AnthnfkyUite.- — Anthophylhte crystallizes in the orthorhombic 
system. The forms are commonly lamellar and fibrous. The cleav- 
age parallel to (110) is perfect. H = 5.5-6; G = 3.1-3.2. 

This is one of the amphibole group. Chemically it is a meta- 
siiicate of magnesium and iron. (Mg, Fe) SiO,. It fuses with diffi- 
culty to a magnetic enamel. Acids do not act upon it. 

The luster is vitreous, and, in cleavage faces, pearly. The color is 
brownish gray, yellowish brown, clove brown, brownish green, 
emerald green, sometimes metalloidal, and colorless in thin sections. 
The streak is uncolored or grayish. It is transparent to subtranslu- 
cent. It is pleochoric. Optically it is usually positive ( + ), The 
index of refraction varies from 1.6288 to 1.657. 

Anthophyllite may be distinguished from the monocUnio amphi- 
boles by its orthorhombic optical orientation and its colors. 

Actiiiolite. — Actinolite crystallizes in the monoclinic system. It 
occurs in bladed crystals, columnar, fibrous, and granular massive. 
The common twinning plane is (100). The cleavage parallel to (1 10) is 
perfect. The fracture is aubconchoidal. H = 5-6; G = 2.9-3.4. 

This mineral is one of the amphiboles. The chemical composi- 
tion is Ca (Mg, Fe), (SiOa),. 

The color is bright green and grayish green. The pleochroism is 
distinct. Optically it is nt^ative (-). The index of refraction is 
a=1.611, /9=1.627, 7' = 1.636. The optical properties are very 
similar to those of tremolite. 

Andahisite. — Andalusite crystallizes in the orthorhombic system. 
The form is usually prismatic. It also occurs massive, imperfectly 
columnar, radiated, and granular. The cleavage parallel to (110) is 
distinct. The fracture is uneven and subconchoidal, H = 7.5 ; 
G = 3.16-3.20. 

Andalusite is AljSiOj. A small percent^e of iron may be present. 
It is infusible. Acids do not decompose it. 
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The luster is vitreous. The color is whitish, rose red, flesh red, 
violet, pearl gray, reddish brown, and olive green. The streak is 
imcolored. It is usually subtranslucent. In some colored varieties 
the pleochroism is strong. It is optically n^ative (— ). The index 
of refraction is a=1.632, ;J=1.638, ;- = 1.643. 

Andalusite is distinguished from silHmanite by its optical oriental 
tion and by weaker double refraction, antl from topaz by the cleavage 
and the character of the acute bisectrix. 

Barite. — Barite crystallizes in the orthorhombic system. It 
occurs in granular and tabular forms. The cleavage parallel to (001) 
and (110) is perfect. The fracture is uneven. H-2.5-3.5; G= 
4.3-4.6. 

Barite is barium sulphate, BaS04. Strontium, calcium, and, 
rarely, ammonium sulphate may be present. The barium Same 
coloration (green) ia characteristic. It decrepitates and fuses. The 
fused mineral reacts alkaline. It is insoluble in acids. 

The luster is vitreous and resinous, and on (001) pearly. The 
color is white, yellow, gray, blue, red, brown, dark brown, and color- 
less. The streak is white. It is transparent, translucent, and opaque. 
Optically it is positive { + ). The index of refraction varies from 
1.63344 to 1.65469. Barite is rare as a soil constituent. 

Glaucophane. — Glaucophane crystallizes in the monoclinic system. 
The crystals are usually indistinctly prismatic. It also commonly 
occurs massive, fibrous, columnar, and granular. The fracture is 
conchoidal to uneven. H = 6-6.5; 6 = 3.103-3.113. This mineral 
belongs to the amphlbole group. Chemically, it is NaAl(SiOg)2. 
(Fe,Mg)SiOj. 

The luster ia vitreous to pearly. The color is aaure blue, lavender 
blue, bluish black, and grayiah. The streak is grayish blue. It is 
translucent. The pleochroism ia rather strong. Optically, glauco- 
phane is ( — ). The index of refraction, varies from 1.6212 to 1.644. 
The extinction angle is about 5°. 

The color and pleochroism of this mineral are distinctive. 

Hornblende. — Hornblende crystallizes in the monoclinic system. 
It is generally prismatic. The prismatic angle is 124°. The cleavage 
parallel to (110) is highly perfect. The fracture is subconchoidaJ. 
H-5-6; G = 2.9-3.4. 

The chemical composition of hornblende is Ca(Mg, Fe),(SiO,)„ with 
Na^,(SiO,)4 and (Mg, Fe) (Al, Fe),SiO,. Potassium, titanium, and 
rarely fluorine may be present. 

The luster is vitreous, pearly on cleavage surfaces, and silky in the 
fibrous varieties. The color runs between black and white, though 
various shades of green, dark brown, yellow, pink, and rose red colors 
are also found. The streak is paler than the color, or else uncolored. 
It is usually subtranslucent to opaque. The colored varieties have 
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strongly marked pleochroism. . Usually it is optically negative ( — ), 
bat sometimes optically positive ( + ). The index of refraction 
varies from 1.629 to 1.6561. 

Spodumene-Spoduraeiie crystallizes in the monoclinic system. 
It occurs in prismatic, massive, and cleavable forms. The cleavage is 
perfect parallel to (110). The fracture is uneven to subconchoidal. 
H = 6.5-7; G = 3.13-3.20. 

Spodumene is a metasilicate of lithium and aluminum, LiAlCSiOj):- 
A little sodium may be present. On heating, spodumene turns white 
and opaque, swells, and fuses. It gives the characteristic lithia flame 
reaction (purple red). Acids do not act upon it. 

The luster is vitreous, and on cleavage surfaces pearly. The color 
is greenish white, grayish white, yellowish green, emerald green, yellow, 
amethystine purploi^ and colorless in thin sections. The streak is 
white. It is transparent to translucent. The deep green varieties 
are strongly pleochroic. It is optically positive ( + ). The index of 
refraction varies from 1.651 to 1.677. 

EnstaiUe. — Enstatite crystallizes in the orthorhombic system. 
The habit is prismatic, massive, fibrous, or lamellar. The cleavage 
parallel to (110), (100), and (010) is pronoimced. The fracture is 
uneven. H = 5.5; = 3.1-3.3. 

The chemical composition is variable. It may he, in pure ensta^ 
tite, MgSiOg, but iron is usually present and the formula may then 
become (Mg, Fe)SiOj. It is almost infusible, the fusibiUty being 6. 
It is insoluble in hydrochloric acid. 

The luster is pearly to vitreous. The color is grayish white, yellow- 
ish white, greenish white, olive green, and brown. The pleochroism 
is weak, but it becomes more marked in varieties richer in iron. The 
streak is uncolored or grayish. Enstatite is translucent to nearly 
opaque. Optically, it is positive ( + ). The index of refraction 
varies from 1.656 to 1.674. The extinction angle is parallel to the 
elongation. 

The interference colors of all the orthorhombic pyroxenes, of which 
enstatite is a member, are lower than those of the monoclinic pyrox- 
enes. In all longitudinal sections in enstatite the extinction is 
parallel to the c axis, whereas this is the case in the monoclinic 
pyroxenes only in the case of sections parallel to (100). 

SiHimanite. — Sillimanite crystallizes in the orthorhombic system. 
This occiu^ in prismatic, fibrous, columnar, massive, and radiating 
forms. The cleavage parallel to (010) is perfect. The fracture is 
uneven. H = 6-7; G = 3.23-3.24. 

The chemical composition is AljSiOj. Acids do not attack it. The 
luster is vitreous to subadamantine. The color is hair brown, grayish 
brown, grayish white, grayish green, pale oUve green, and colorless 
in thin sections. The streak is imcolored. It is transparent to 
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truisluceat. In some caaes the pleochroism ia distinct. Optically, 
fflllimanite is positive ( + ). The double refraction is strong. The 
index of refraction runs from 1.657 to 1.6818. 

Sillimanite differs from andalusite and zoisite by stronger double 
refraction and by having the prismatic axis Z in the direction of 
vibration of the slowest ray. 

Olivine (Chrysolite). — Olivine crystallizes in the orthorhombic sys- 
tem. It usually occurs in grains. The cleavage parallel to (010) is 
sometimes distinct. The fracture is conchoidal. H -» 6.5-7, G « 3,27- 
3.37. 

Olivine is (Mg, Fe), SiO^. It is infusible in most cases. Hydro- 
chloric and sulphuric acids decompose it with the separation of 
gelatinous silica. 

The luster ia vitreous. The color is oUve-green, and sometimes 
brownish, grayish red, grayish green, yellowish brown, yellowish red. 
Thin sections are colorless. The streak ia uncolored, or rarely 
yellowish. Olivine is transparent to translucent. Optically it is 
positive ( +). The double refraction is strong. The index of refrac- 
tion varies from 1.6535 to 1.7089. 

StronManite. — Strontianite crystallizes in the orthorhombic system. 
The crystals are often acicuiar. It also occurs in fibrous, granular, 
and columnar-globular forms. The cleavage parallel to (1 10) is nearly 
perfect. The fracture is uneven. H = 3.5-4; G = 3.68-3.714. 

Chemically it ia strontium carbonate, SrCOj. Calcium may be 
present. Soluble in hydrochloric acid with effervesence. 

The luster is vitreous, and resinous on uneven fracture faces. The 
color is pale asparagus green, apple green, white, gray, yellow, and 
yellowish brown. The streak is white. Strontianite is transparent to 
translucent. It is optically negative ( — ). The index of refraction 
runs from about 1.518 to 1.665. 

The Same reaction (strontia) and effervescence with hydrochloric 
acid is usually enough to identify the mineral. 

Datolite. — Datolite crystallizes in the monoclinic system. The 
habit of the crystals is not characteristic. It also occurs in grains, and 
in radially fibrous botryoidal and globular aggregations. The fracture 
is conchoidal to uneven. H-^S-S.S; G=- 2.9-3.0. 

Datolite is a basic orthosilicate of boron and calcium. HCaBSiO,. 
In the closed tube, it gives much water. It fuses rather easily with 
intumescence, giving the flame a bright-green color. With hydro- 
chloric acid it gelatinizes. 

The luster is vitreous, and sometimes subresinous on fracture sur- 
faces. The color is white, grayish, pale green, yellow, red, amethys- 
tine, dingy olive green, honey yellow, and colorless in thin sections. 
The streak is white. Datolite is transparent to translucent. Opti- 
cally it is negative ( — ). The double refraction is strong. The index 
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of refrftction is a- = 1.6246; ^=1.6527; j-=l-6694. Datolite is dis- 
tinguished from topaz, andalusite, woUastonite, and prebnite by its 
higher double refraction. 

Diopside. — Diopside crystallizes in the monoclinic sjrstem. It 
occurs in short thick prisms, granular and fibrous. The angle 
between the prism faces is nearly 90°. The cleavage parallel to (110) 
is well developed. The fracture is uneven to conchoidal. H = 5-6; 
= 3.2-3.38. 

Diopside is a calcium magnesium pyroxene. The formula is Calk^ 
(SiO,)j. When iron is present the formula may become CaCMgFe) 
(SiO,),. 

The color ia white, yellowish, grayish white, pale green, dark green, 
nearly black, and colorless. The luster is vitreous, inclining to 
resinous. Diopside is optically positive ( + ). The index of refrac- 
tion varies from 1.6707 to 1.7271. 

Wiiherite. — Witherite crystallizes in the ortho rhombic system. 
The crystals are always repeated twins, which makes them simulate 
closely hexagonal pyramids. It also occurs in globular, tuberose, 
botryoidal, columnar, granular, and amorphous forms. The cleavage 
parallel to (010) is distinct. The fracture is uneven. H = 3-3.75; 
G = 4.29-4.35. 

Witherite is barium carbonate, BaCO,. It fuses and colors the 
flame yellowish green. The fused mass reacts alkaline. It is soluble, 
with effervescence, in dilute hydrochloric acid. Sulphuric acid added 
to the solution gives a white precipitate of barium sulphate, insoluble 
in acids. 

The luster is vitreous, inclining to resinous on fracture surfaces. 
The color is white, yellowish, and grayish. The streak is white. 
Witherite is subtransparent to translucent. Optically it is negative, 
( — ). The index of refraction runs from about 1.529 to 1.677. 

The effervescence with hydrochloric acid and the barium ffame 
reaction, taken together, are usually sufficient to identify the mineral. 

Bronzite. — ^Bronzite is one of the orthorhorabic pyroxenes. It is 
intermediate in composition between enstatite and hypersthene. The 
index of refraction is about 1.668. The luster is usually bronzelike. 
(See Enstatite and Hypersthene.') 

Didllage.'~-\)id.\\&g& crystallizes in the monoclinic system. It is 
usually characterized by a lamellar structure. It is intermediate in 
composition between diopside and augite. The index of refraction is 
about 1.68. (See Diopside and Augite.) 

Aragonite. — Aragonite crystallizes in the orthorhombic system. 
The crystals are acicular, prismatic, often in stellate groups. It also 
occurs globular, fibrous, and compact aphanitic. The cleavage is 
distinct parallel to (010) and (110). The fracture is subconchoidal. 
H = 3.5^;G = 2.93-2.95. 
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Aragonite ia calcium carbonate, CaCO,. Strontium, lead, and 
rarely zinc may be present. It effervesces and dissolves in acids. 
The general chemical reactions are very much the same as those of 
calcite. 

The luster is vitreous, and resinous on fracture surfaces. The color 
is white, gray, yellow, green, and violet. The streak is uncolored. 
Aragonite ia transparent to translucent. Optically it is n^ative ( — ). 
The index of refraction varies from 1.52749 to 1.71011. The double 
refraction is very strong. 

Asinite. — -Axinite crystallizes in the triclinic system. The crystals 
are usually broad and acute-edged. It may be lamellar or granular. 
The cleavage is distinct parallel to (010), (001), and (l30). The frac- 
ture is conchoidal. H = 6.5-7; = 3.271-3.294. 

Axinite is a borosLlicate of calcium and aluminum, Ca,Al,B,(Si04)g. 
The calcium may be partly replaced by manganese, iron, magnesium, 
and basic hydrogen. Ferric iron may also be present. It gives a 
pale-green color to the oxidizing flame. Acids do not decompose it, 
except when it has been previously ignited. Then it gelatinizes with 
hydrochloric acid. 

The luster is highly glassy. The color is clove brown, plum blue, 
pearl gray, honey yellow, and greenish yellow. The streak is uncol- 
ored. It is transparent to subtranslucent. The pleochroism is 
strong. Optically it is negative (— ). The index of refraction varies 
from 1.6720 to 1.6954. The double refraction is low. 

fl^perstA«7i«.— Hypersthene crystallizes in the orthorhombic sys- 
tem. The habit is prismatic. The cleavage parallel to (110), (100), 
and (010) is pronounced. The fracture is uneven. H = 5-6; 
G = 3.40-3.50. 

The chemical composition is (Mg, Fe)SiOj, Alumina may som^ 
times be present. It fuses to a black enamel, magnetic when fused 
on charcoal. Hydrochloric acid partially decomposes it. 

The luster is somewhat pearly on cleavage surfaces, and sometimes 
metalloidal. The color is dark brownish green, grayish black, green- 
ish black, and pinchbeck brown. The streak is grayish and brownish 
gray. The pleochroism is rather strong, Hypersthene is translucent 
to nearly opaque. Optically it is negative ( — ). The index of refrac- 
tion varies from 1.692 to 1.727. The double refraction is nearly as 
low as that of quartz. 

The pleochroic colors of hypersthene, light red and green, axe 
characteristic. 

Zoisits. — Zoisite crystallizes in the orthorhombic system. It 
occurs prismatic, tabular, and fibrous. The cleavage parallel to 
(010) is perfect. The fracture is tmeven to subconchoidal. H = 6- 
6.5; = 3.25-3.37. 

The chemical composition is Caj(AlOH)Alj(Si04)s, The alumi- 
num may be replaced by iron. Manganese may also be present. 
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On heating it swells and fuses to a white blebby mass. When strongly 
heated it gives off water. Acids do not decompose it, except when it 
has been previously ignited; then it gelatinizes with hydrochloric 
acid. 

The luster is vitreous; on cleavage faces pearly. The color is 
grayish white, gray, yellowish brown, greenish gray, apple green, 
peach-blossom red, rose red, and colorless in thin sections except 
when pleochroic. The streak is uncolored. Zoisite is transparent 
to subtranslucent. The pink varieties and thicker sections show 
pleochroism. Optically it js positive ( + ). The index of refraction 
varies from 1,696 to 1.7061, The double refraction is low, 

Zoisite resembles epidote, but differs from it in being optically 
positive ( + ), 

Arfvedsonite. — Arfvedsonite crystallizes in the monoclinic system. 
The crystal habit is prismatic. The cleavage ja prismatic, perfect. 
The fracture is uneven. H-6; G-3.44-3.45. 

Arfvedsonite is a slightly basic metasilicate of sodium, calcium, 
and ferrous iron, chiefly. Aluminum, ferric iron, manganese, mag- 
nesium, and potassium may be present. It fuses with intumescence 
to a magnetic globule. It gives the yellow (soda) flame coloration. 
Acids do not act upon it. 

The luster is vitreous. The color is pure black. Thin scales are 
deep green. The streak is a deep bluish gray. Except in thin 
splinters, it is opaque. The pleochroism is strong. The optical 
character is uncertain. The extinction angle is about 14*', The 
index of refraction runs from about 1.687 to 1.708. 

Auffite. — Augite crystallizes in the monoclinic system. It occurs 
in prismatic and granular forma. The cleavage parallel to (110) ia 
sometimes rather perfect. The fracture ia uneven to conchoidal. 
H = 5-6; = 3.2-3.6, 

The chemical composition of augite is pretty complex. It may 
be formulated aamCa(Mg,Fe) (SiOJ^.n (Mg,Fe) (Al,Fe), (Si, Ti)0,, 
with sometimes Na(Al, Fe) (SiOj);. The fusibility is 3. Acids do 
not act upon it. 

The color is dark green to black; and in thin sections colorless to 
pale green. The index of refraction varies from 1.6975 to 1.74. 
Augite is optically positive ( + ), 

Oyanite (Disthene). — Cyanite crystallizes in the tricUnic system. 
The crystals are usually long-bladed forms. The cleavage parallel 
to (100) is very perfect. The hardness varies in different parts of the 
crystal. It is generally somewhere between 4 and 7. = 3,56-3,67. 

Cyanite ia Al^ SiOj. It is infusible. Acids do not decompose it. 

The luster ia vitreous to pearly. The color is blue and white. 
Often the mai^in of the crystal is white, while the middle of it is 
blue. Gray, green, and black colors alao occur. Thin sections are 
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colorless, light blue, or greenish blue. The pleochroism is weak. 
The streak is unpolored. Cyanite is translucent to transparent. 
Optically it is negative ( — ). The index of refraction runs from 
1.712 to 1.729. The double refraction is low. 

GKhriioid {Ottrelite). — This mineral is monocliiuc or triclinic (1). 
It is usually coarsely foliated, massive, and in thin scales. The 
cleavage is basal; though not as perfect as in the case of the mioaa. 
H = 6.5; G = 3.52-3.57. 

Chloritoid is Hj{Fe,Mg)Al^i07. Manganese is present m the 
variety ottrelite. Heated, it yields water. It is nearly infusible. 
Hydrochloric acid does not decompose it, but it is completely decom- 
posed by sulphuric acid. 

The color is dark gray, greenish gray, greenish black, grayish black, 
and in very thin plates grass green. The streak is imcolored, grayish, 
or slightly greenish. Cleauage surfaces have a somewhat pearly luster. 
The pleochroism is strong. The double refraction is feeble. It is 
optically positive ( + ). The index of refraction varies from 1.741 to 
1.77. 

Staurolite. — StauroUte crystallizes in the orthorhombic system. 
The form is prismatic. It is commonly found as cruciform twins. 
The cleavage parallel to (010) is distinct, but interrupted. The frac- 
ture is subconchoidal. H = 7-7.5; = 3.65-3.75. 

The formula of ataurolite is doubtful. It is usually written 
2HjO,6(Fe,Mg)0.12AlA.llSiO,(J), Groth has suggested the for- 
mula, HFeAljSijOi,. Excepting the manganesian variety, which 
fuses easily to a black magnetic glass, staurolite is infusible. Sul- 
phuric acid decomposes it imperfectly. The luster is subvitreous to 
resinous. The color is dark reddish brown, brownish black, and yel- 
lowish brown. Thin sections are yellow to red brown. The pleo- 
chroism is distinct. Optically, it is positive ( + ). The index of 
refraction is «= 1.736, ^=1.741, /■= 1.746. 

Epidote. — Epidote crystallizes in the monoclinic system. It occurs 
in prismatic, fibrous, and granular forms. The cleavage parallel to 
(001) is perfect. The fracture is uneven. H = 6.7; = 3.25-3.5. 

Epidote is a basic orthosilicate of calcium, aluminium, and iron, 
C%(A10H) (Al,Fe)j(SiO^)j. It gives water in the closed tube on 
strong ignition. It fuses with intumescence to a dark-brown or black 
mass. Hydrochloric acid partially decomposes it, but it gelatinizes 
with hydrochloric acid after ignition. 

The luster is vitreous, inclining to resinous or pearly. The color is 
pistachio green, yellowish green, brownish green, greemsh black, black, 
clear red, yellow, gray, grayish white, and rarely colorless. The streak 
is uncolored or grayish., Epidote is transparent to opaque. The 
pleochroism is strong. The double refraction is very strong. Opti- 
cally it is n^ative (~). The index of refraction varies from 1.7238 
\fi 1.7677. 
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Monaeile. — Monazite crystallizes in the monoclinic system. It 
generally occurs in grains. The fracture is conchoidal to uneven. 
H = 5-5.5; G=4.9-5.3. 

Monazite is a phosphate of the cerium metals, cerium, lanthanum, 
and didymium (Ce,La,Di)P04, Thoria and silica are usually present. 
It is infusible, but turns gray. Moistened with sulphuric acid, it 
colors the flame bluish green. It is soluble in hydrochloric acid with 
difficulty. 

The luster inclines to resinous. The color is hyacinth red, clove 
brown, reddish brown, yellowish brown, and colorless to yellowish in 
thin sections. Monazite is subtransparent to subtranalucent. It is 
optically positive ( + ). The index of refraction runs from 1.7863 to 
1.8411. 

The refraction and double refraction are characteristic. 

Acrmie. — Acmite crystallizes in the monoclinic system. The crys- 
tals are long prismatic. The cleavage parallel to (1 10) is distinct. Thfl 
fracture is uneven. H = 6-6.5; G-3.50-3.65. 

Acmite is NaF6{Si0s)j. Ferrous iron may also be present, Acmite 
fuses rather easily to a black magnetic globule. It colors the flame 
deep yellow. Acids act upon it slightly. 

The luster is vitreous, inclining to ruinous. The color is brownish, 
reddish brown, green, blackish green. The streak is pale yeUowish 
gray. This mineral is subtransparent to opaque. Optically, it is 
negative {— ). The index of refraction is about 1.80. 

Aegiriiie. — The color b greenish black. (See Acmite above.) 

TUanite. — Titanite crystallizes in the monoclinic system. The 
crystals are often wedge shaped and flattened. It also occurs in 
massive, granular, and compact forms. The cleavage parallel to 
(110) is rather distinct. H = 5-5.5; = 3.4-3.56. 

Titanite is CaTiSiOj. Iron, manganese, and yttrium may be 
present. It is imperfectly soluble in hydrochloric acid. 

Sulphuric and hydrofluoric acids completely decompose it. 

The luster is adamantine to resinous. The color is brown, gray, 
yellow, green, rose red, and black. The pleochroiam is distinct in the 
deeply colored varieties. The streak is white. Titanite is trans- 
parent to opaque. Optically, it is positive ( + ). The index of 
refraction varies from 1.8839 to 2,0232. The double refraction is veiy 
high in some directions, but very low in others (normal to Z), 

Xinwnite.— See lAmonite under Opaque mijierals. 

CONCLUSION. 

In the forgoing descriptive list those minerals have been described 
with which the soil mineralogist may, m one soil or another, have 
occasion to deal. It is not probable that all of these minerals will be 
found in any one soil; and it is possible that in certain soils minerals 
not included in the list may be found. Indeed, it is probable that all 
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mineral species known to mineralogy do occur occasionally as soil 
constituents. But the vast majority of them, if found at all, would 
be found only as exceptional ingredients, and most of them only under 
exceptional conditions. But it is believed that the list includes all 
minerals that will be found ordinarily, as well as a few that occur only 
under exceptional circumstances. For instance, leucite, on account 
of its easy decomposition, as well as its origin, woidd not be expected 
to be found as a usual soil constituent, although it might be a very 
common soU constituent in soils from the Leucite Hills and similar 
localities. The same would apply to such minerals as celestite, 
strontianite, barite, and the soluble sulphates and chlorides which 
usually occur in alkali districts. 

As a general maxim, upheld by the experience of this Bureau, it 
may be stated that " practically every soil contains all the common 
rock-forming minerals."^ Of course, opinions as to what minerals are 
common rock-forming minerals vary. But every petrographer would 
agree as to certain species being included under the term. The 
number of minerals to be found in the sand and silt separates of every 
soil is surprisingly lai^e, and doubtless an even greater number would 
be found in the clays. But as yet the limitations of the microscope 
prohibit the satisfactory examination of these latter. 

A complete census of the soil minerals can scarcely be said to be 
advisable for practical work. On account of the lai^e number of 
minerals to be located and determined a large amount of time is 
unnecessarily wasted. It is generally best to determine only the 
more abundant species and a few of the rarer ones belonging to dis- 
tinct mineral groups. Unless ultimate work is desired, it is unneces- 
sary to differentiate such groups as, for example, the chlorites. 

In conclusion, it may be stated that any mineral commonly occur- 
ring in rocks may be expected in soils, no matter what the origin of 
the particular soil may be. 

A lai^e number of soils have now been examined in this laboratory 
as well as in other laboratories, mainly abroad, and the results have 
been or are to be published in other connectioite, so that it does not 
seem wise to recapitulate them here. Work is now in progress with 
the distinct end in view to determine the extent of the mineral com- 
plexity of the more prominent American soil types, and it is expected 
that the results will be collected and published for the use of other 
investigators at an early date. 

To aid in the rapid identification of soil minerals, Tables IX, X, 
XI, and Xn (96 et seq.) have been added in which the minerals are 
arrange<l primarily accordii^ to the classification adopted in the fore- 
going description, and secondarily according to their refractive 
indices. Other physical properties which may be of use in their 
determination are also stated. 

1 Bid. No. 3(^ Bunau of Sclb, U. a. Sept. oC Agt.; Cameiui, F. Kq Tha Boll Solutioi, £utoDt 1^, UU. 
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